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CHAPTER LXVI (continued) 

IRON (continued) 

§ 18 The Mechanical Properties of Iron and Iron-Carbon Alloys 

Thi Arabic manuscript of Abu-r-Raihan, The Bool of the Best Things , wntter 
about the tenth century, and descubed by H C Bolton, 1 and J J 0 Mullet, gave 
7 74 for the specific gravity of non, and this value is near the 7 85 accepted to day 
The Aiabic manuscript, Bool of the Balance of Wisdom , by Al-Khazmi, written 
about ao 1122, and described by H C Bolton, and N Khamkoff, also gave 
7 74 foi the sp gx of iron D G Fahienheit gave 7 817 , R Boyle, 7 645 — and 
foi soft steel, 7 738, haid steel, 7 704, and spring tempei -steel, 7 809 , and J C , 
7 643 fox lion, and 7 852 foi steel , P von Muschenbrock, and L B 6 de Moiveau 
made observations on the sp gr of iron G Pearson gave values for the sp gr 
of thirty-five different samples of iron and steel, and, foi wootz steel, found 
7 181 to 7 403 , fox wool/ steel which had been forged, 7 503 to 7 647 , for wootz 
steel which had been melted, 7 200 , and for wootz steel which had been quenched 
from a white heat, 7 166 , Huntsman’s hammered steel, 7^826 to 7 916 , the same 
steels quenched from a white heat, 7 765 to 7 771 , soft and tough hammered iron, 
7 780 to 7 787 , and cast iron, 7 012 T Bergman gave for steel, 7 643 to 7 784 , 
and for wrought iron, 7 798 to 7 829 Collections of data were published by 
R Bottger/E F Durro,andF W Clarke 

G Brolmg found that the sp gr of bar-iron is 7 8439, whereas the same iron 
m very thm sheet had a sp gr 7 6, and that these anomalies may seem to proceed 
from repulsion between the surface of the iron and 
the water used m measuring the sp gi , since the 
sp gr decreased in proportion to the extent of 
the surface of the metal The surface, however, 
had been freed by means of potassium hydroxide 
from all foreign matters which might prevent 
adhesion between the metal and water J Percy 
found electrodcposited iron had a sp gr of 8 1393 
at 15 5° M J Brisson gave 7 788 , C J B 
Karsten, 7 790 , A Baudrimont, 7 6000 to 7 7312, 
for iron wixe in different conditions, and 7 7433 
for hammered wire , J J Berzelius, 7 8650 to 
7 8707 , J A Poumartde, 7 50 to 7 84 for iron 
reduced by the vapour of zinc , C Stahlschmidt, 

6 03 for iron obtained by heating the nitride not 
over 327°, L Playfair and J P Joule, 7 130 for 
the sp gr of iron reduced by carbon , H Caron, 

7 880 at 16° for forged iron fused m hydrogen , 

7 847 for wire fused in hydrogen , 7 833 for iron fused m a crucible , and 7 852 for 
good commercial iron , and H Schiff gave 7 998 to 8 007 at 10° for iron reduced by 
hydrogen K Ruf gave 7 876 at 20° for the sp gr of the metal with less than 0 02 
percent of carbon, E MadelungandR Fuchs gave 7 8544, E Guxnlich gave 7 876, 
H Tomlinson, 7 630 for hard drawn, and 7 259 for annealed iron wire , H Hanc - 
mann and E H Schulz, 7 899 , and R von Dallwitz-Wegner, 7 86 Amongst 

von xnr 



Fig 179 — The Effect of Cold 
work on Armco Iron 
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the best results for the sp gr of purified iron there are those of J H Andrew and 

A J K Honeyman, who gave 7 864 for ihc sp gr of annealed purified non, and 

012716 for the sp vol , 0 Benedicks, 7 85 for the sp gr of purified iron and 

0 12739 for the sp vol , M Levin and X Dornhecker, 7 871 for the sp gi of 

purified and annealed iron, and 0 12705 for the sp vol , T Ishigahi, 7 880 , 
K Tamaru, 7 882 , whilst H C Cross and E E Hill gave 7 867 for the sp gr of 
electrolytic iron fused m vacuo, and 0 32711 for the sp vol , the corresponding data 
for the same iron hot-rolled arc 7 8685 and 0 12709 , for the same iron annealed 
at 775°, they aie 7 8517 and 012731, and when annealed at 900°, 7 865, and 
0 12714 R L Keynon’s results are summ in/ed m Fig 179 

S Kaya gave 7 8701 for the sp gi and 0 12706 foi the sp vol of a single crystal 
where the possibility of mtei crystalline poios or spaces is < xc luded , he said that 
the sp gr of the single crystal of non may be taken to lx about 0 42 per cent 
greater than that of polycrjstallme non W P Davey calculated from the 
X-radiogram data that the sp gi of iron is 7 91, L W McKeehan, 7 872 , and 
A Westgien and G Phragmcn, 7 878 

L Zimmermann and 11 Esbu measimdthosp vol of white cast lion at temp 
between 0° and 1300° From the t hernial expansion data of K Honda and 
H Endo, and S Sato, it follows that the sp gr of a iron at 20° is 7 8685— the 
X radiogiam value is 7 8404 , the value for a-iron at 906° is 7 5706 — when the 
X-radiogram value is 7 55 Similaily, the value of y iron at 906° is 7 6327, and 
at 1400°, 7 4077 , and the value for 8-uon at 3400° is 7 3900, and at 1535°, the 
mp of iron, 7 3550 The value for molten iron — vide infra — at 1535° is 7 0995 
when calculated from the expansion data of S Sato A Osawa extrapolated 
his values for nickel iron alloys and obtained foi y lion at 200°, 8 008 

The effect of carbon on the specific gravity of non — H von Juptnei gave foi the 
best representative values foi non alone 7 85 to 7 88 , foi wx ought iron, 7 79 to 
7 85 , fot steel, 7 60 to 7 80 , foi white cast iron, 7 58 to 7 73 , and foi gicy cast non, 
7 03 to 7 J 1 S Rmnun, and (J f B Karsten gave 7 5 foi the sp gi of white 
pig iron, and 7 1 fox that of gtev pig lion Results wne also given by T Schmet 
JB Kcrl, 0 Kaimaisch, F Wust nul E Luunbugd I Weislneh, A ()u<tti<i, 
R Mallet, E Manrei,andC F liaimne lsbe rg JH3 P Dune showe d the tillable 
sp gi data to indicate that the sp gr ot spiegcleistoi is diminished if it be melted 
and slowly cooled , if grey east non be melted md lapidly rook el, its sp gr is 
increased , if c tst iron be melted unde i c onditions wlu le ele < arbun/ation c m take 
place, its sp gr is increased, and if lods of c ist non be subjected to eompnssion, 
the sp gi is mci eased J IS Huist gave foi the sp gi of cast non, (> 9 to 7 5 - 
mean 7 217 , wrought non, 7 47 to 7 808 -mean 7 698 , and steel, 7 729 to 7 901 — 
mean 7 852 L Eisner found the sp gr of oidmary steel to be 7 795 , hardened 
cast steel, 7 6578 , unhaidened cast steel, 7 9288 , cast steel, once remelted and 
hardened, 7 647, and unhardened, 7 647 H von Juptner also gave for the sp gi 
of compact iron-carbon alloys 

Carbon 0 529 0 C4 ( ) 0 841 0 871 1 0005 1 078 poi cont 

Sp gr 7 841 7 820 7 824 7 818 7 807 7 805 

H 0 Cross and E E Hill gave for hot zolled steels 


Carbon 

Sp gr 

0 09 

7 848 

O IK 

7 877 

0 25 

7 85) 

0 45 

7 841 

0 05 

7 8)1 

0 87 

7 832 

0 98 

7 822 

1 28 pot cent 
7 812 

and fox annealed steels 







Carbon 

Sp gr 

0 25 

7 852 

0 59 

7 836 

0 73 

7 838 

0 85 

7 821 

0 98 

7 823 

1 15 

7 809 

1 28 

7 81) 

1 39 por cent 
7 816 


The smoothed curve for the annealed steel is shown in Fig 180, and that for the hot- 
rolled metal almost overlaps J H Andrew and A J K Honeyman’s curve 
likewise is almost overlapping The curve of M Levin and K Dornhecka for 
hot-rolled steel is shown clotted m Fig 180, and there is a drop m the curve foi the 
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annealed steel which does not appear in the results of H C Cross and E E Hill, 
and J H Andiew and co-workers W Brown gave for the sp gr and sp vol of 
steels A -series with 0 02 to 0 17 per cent of silicon, and 0 14: to 0 18 per cent 
manganese , and B-senes with 0 46 to 0 49 per cent silicon, 0 58 per cent 
manganese 

A scries B series 

- - - - *■ ^ - A . ^ 

Carbon 0 028 0 05 0 14 0 89 1 23 0 58 1 00 1 25 per cent 

Sp gi 7 8771 7 8778 7 8038 7 8268 7 7897 7 8132 7 7587 7 7525 

Sp vol 0 12695 0 12694 0 12716 0 12777 0 12827 0 12800 0 12890 012900 


With up to 0 2 per cent of carbon, the mciease m sp vol is 0 0018 c c per one per 
cent of carbon, and for higher proportions up to 1 25 per cent , 0 0015 c c B Sim 
mersbach made observations on this subject Aecord- 
mg to E Gumlich, if G denotes the percentage amount 
of carbon, then the sp gr , D, of alloys with up to 
0=1, is D=*7 876—0 0300 for slowly cooled alloys , 
and Z)= 7 876—0 170 for alloys quenched from 850° 

H € Cross and E E Hill gave sp gr =7 855 
—0 0320, for the sp gr of hot-rolled iron carbon 
alloys with up to 1 29 per cent of carbon, and for the 
same steels with up to 14 per cent of carbon, when 
annealed, D = 7 860—0 040 J H Andrew and 
A J K Honey man gave for the sp vol , 0 12712 
—0 000520 P Wever represented the at vol of 
austenitic steels by v=0 1246-+0 0004[Mn]+0 0041[C], 
where the bracketed symbols represent atomic percentages 

G Hailstone found the effect of the casting tempo a/ we s on the sp gi of oast 
iron— vuh infia — with about 190 pei c<nt siIkou, 0 10, sulphui , 115, 

phosphorus , 0 27, manganese , and 
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Per cent carbo/i 

no 180 — The Effect of 
Caibon on the Specific 
Gravity of Hot rolled 
and Annealed Steels 


j Tofal 
Carbon) h tee 
(Comb 
M 

Casting temp 


3 258 3 246 1261 3 256 3 281 3 283 3 291 3 295 3 105 1312 pei cont 

2 830 2 840 2 862 2 891 2 915 2 926 2 951 2 987 i 012 * 12b 

0 428 0 405 0 399 0 165 0 *60 0 157 0 140 0 308 0 291 0 186 

7 281 7 262 7 240 7 225 7 201 7 158 7 121 7 085 7 012 7 936 

1428° 1400° 1190° 1336° 1361 3 1 U8° 1110° 1102 1272^ 1204* 


W H Hatfield added that the reduction in sp gr is partly chut to some influence 
other than the casting temp , and the results agree with H A Sch wait/ that fiee 
caibon has a greater influence than combined carbon One per cent of free carbon 
reduces the sp gr 0 17 , 1 per cent as free cementite, reduces the sp gr 0 025 , 
1 pa cent dissolved in ferrite, 0 115 , 3 per cent of silicon, msoln m fernte, 0 060 , 
and 1 per cent manganese m soln m ferrite, 0 005 One per cent of phosphorus 
in the binary eutectic as Fe^P reduces the sp gr 0 080 , and 3 pei cent sulphui 
present as manganese sulphide reduces the sp gi of cast iron 0 2 0 Benedick® 

said that the addition of one per cent of manganese increases the sp vol 
0 00006 , with the same proportion of phosphorus, 0 00089 , of silicon, 0 00117 , 
and of aluminium, 0 00200 The effects of various elements on the sp gr were 
discussed by H M Lane, etc — vule infra, the corresponding alloys of iron 

The effect of mechanical treatment on the specific gravity of iron and of its alloys 
with caibon — The early observations of G Brolmg aie in general agreement with 
those of later woikers The sp gr of the metal usually decreases with cold-ivorlwtj , 
a sample before lolling had a sp gi 7 8707, and aftu lolling 7 8650 — the non was 
impure smee it gave off foetid hydrogen when dissolved m acids 11 Hadicke 
found that the hammered metal had a sp gr of 7 843, and unhammeicd 7 838 
The effect of cold- work on the densities of metals generally was studied by 
G W A Kahlbaum and E Sturm, T Utda, W Spring, J Johnston and 
L H Adams, and Z Jeffries and R S Archer — vide 1 33, 18 , and the effect of 
diawmg, stretching, or twisting on the d(nsity of iron and steel was studied by 
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E Hey n uul 0 Bauu, P Gouens, H ONeil <t< T M Eowty and R G Parke 1 
found that the sp gi of non filings is less than < hat of I h< < onipac t m< tal fi om whn h 
they wcic fanned- compact iron, 7 8 r > r >8 tilings (< old woik(d), 7 8172, d< (lease 
0 ()38b J 0 Arnold gav< foi foigtd steel, with ‘J» 82 to '19 87 pe i cent of non, 
7 8177, and for cast steel, 7 8478 F Osmond obseneel that m (Rawing a wire with 
a diametei 5 4 mm and sp gr 7 839, the sp gr wis 7 791 when the diameter 
was reduced to 3 45 mm , and 7 796 to 7 781 w hi n the diameti r was re eluce d to 
0 4 mm H M Howe, W H Deermg, H S< ott and H G Movius, H Iil Doerr, 
K Htmdlhofer and F L Wright, P Goerens, ete , eonelueled tint the sp gr of 
non is reduced by cold working T W Landon found that a pieee of wire 
whose sp gi was 7 7097 had a sp gi of 7 6160 after being twisted through 
an angle of 157°, and a sp gr of 7 5890 aftei being twisted through ail angle 
of 228° The subject was also investigated by E FToudiomcmt and B Burklin, 
\r Oknoff, K Tamara, and T Ue'da F 0 Thompson and W E Millington studied 
the relations between the sp gr and deformation by eold work with icsput to the 
picking of the atoms of the crystals They found that veiy little vanation, 7 869 
to 7 868, m the sp gr of mild steel, of sp gr 7 869, pulled in te muon with a stress of 
1 1 87 to 21 30 tons pei sq m , ex ears until the last section commune ed to yield, 
mdwitlia piece of armco lion, of sp gi 7 8580, with the k due t ion m area intension 
of 2 4, 17 8 md 47 5, the sp gi were respectively 7 8586, 7 8461, and 7 7927 No 
change ml he sp gi occurred until about 5 pn <en« leduetion of uui had o< (lined, 
and the d< c k ase in sp gi < ontmued until the ie elui turn m ate a had faih n to 1 6 jx i 
eent K Honda, and K Tamaiu disuissed tin faetois involved in the (hange 
of sp gi by eold woik- xndi swpm, tempering- and the t licit is attributed to the 
closing of blow holes, and to the weakening of the interatomic foreia JI ilane- 
mannandR Yamada studied the vol changes of steel dunng elaatx deformation, 
and observed that the vol of mild steel with increasing stress, inereasis linearly 
until plastic flow begins, the vol then increases more iapidly by regular increments, 
and the curve no longer fallows a straight line The vol increase (w v u )/v 0 X 10* 
gives a value which rises from zero undci a stress of 4 IB kgrms pei sq mm to 7 85 
under a stress of 41 38 kgrms per sq mm 

H G Cross and E E Hill observed that the effect of hot lolling is Also to decrease 
the sp gr The older observations, which indicate an me ieaso m sp gr by cold- 
working, refer to cast metals m whie h small < avit ies are closed up under t he hammer, 
e to E Piwowarsky and H Essci found that the gas permeability of < ast iron 
for hydrogen is laigcly due to microscopic flaws The porosity of iron is discussed 
m connection with the corrosion of the metal- vide infra H O’Neil, B Bc*cr, 
J E Fletcher, G Tammann and II Bredemeier, and A Minks chseusscd the 
porosity of cast non W Thomer emphasized the faet that iron always contains 
poies, and that, whore possible, the determinations should be made with the 
powdered metal Thus, he obtained for the porosity of non in c c porkgrm 


Ordinary cast iron 
Bessemer steels 

Thomas steels 


Sptclflr gravity 

^..i — ■■ ■ — A.I 

Powder ( omjm< t 
7 142 7 042 

1 7 921 7 m 

17 755 7 729 

(7 968 7 813 

\7 752 7 700 


Poroilty 

J'orc* Holld 

2 00 HO (K) 

1510 120 24 

0 530 UH 05 

2 500 125 50 

1 5H0 128 tit 


H O’Neil found that by increasing cold-work m tension of armco non vety little 
alteration m the sp gr occurs at first, but the sp gr soon decreases about 0 17 per 
cent , a critical deformation is then reached, for aftciwards the sp gr ceases to 
Ml and may nse slightly With further increments of eold work, the sp gr 
decreases The overall fall m sp gr is about 0 83 per cent In marked < ontrast 
with metallic aggregates, the sp gr of single crystals of non 7 747 was not altered 
after being subjected to a tensile stress producing a 65 per cent reduction of area 
T Ishigaki used a test-piece of armco iron which had been fractured by tensile 
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sti esses, and measuxed the sp gi at distances of one centimetie taken successively 
from the fracture to the lug The results show that the sp gi was least at the point 

of fractuie andmcieased at increasing distances away T Ueda found that the sp gx 
of iron and carbon steel, when stretched, decreases as the tensile stiess mci eases, 
Fig 181 If an elongation e be produced by an external foicc T, T=eE, wheie E is 
the elastic constant , and if v be the 
sp vol , 6, the density, and a, Poisson’s \ 0-tr 
ratio, then dv/v~—ds/$=e(l—2cr), ^ 
and by substitution, d$l$=— E/(l 
—2a) ds/6 For a metal with a=0 29, 
and E=2 2x10* kgims per sq mm , 
ds/s=— 1 909xl0~ 6 T Below the 
yield-point the sp gi decreases slightly 
and almost proportionally with the 
stress, but above this point the de- 
crease is more rapid With carbon 
steel, the decrease m the sp gr is 
discontinuous at the yield-pomt, and 
the magnitude of the decrease decreases with increasing proportions of caibon until, 
with 0 9 per cent of carbon, the phenomenon does not occur 

H O’Neil found the sp gr of armco iron, between 14° and 16 5°, varied between 
1 8393 and 7 8586 , and that of single ciystals of iron, between 13 3° and 17 5°, 
varied between 7 747 and 7 754 with compression loads up to 45 83 tons per sq m 
After 26 per cent reduction by compression the sp gr had fallen only 0 07 per cent , 
and with further woik it actually rose above its original value This is m marked 
contrast with the behaviour of aggregates of crystals T Ishigaki observed the 
effect of compressing iron and steel at different press , p kgims pei sq cm The 
results were 
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The results show that with increasing pi ess up to about 7000 kgims pei sq mm , 
theie is a steady fall m the sp gr , an mcrease then occurs which soon attains 
a maximum, when it again begins to decrease The maximum sp gr is always 
less than its initial value The effect of annealing is gradually to lowei the 
sp gr until a tempering temp of 550° has been obtamed when the sp gr begins 
to increase 

J W Landon obseived a maximum decrease m the sp gr of iron, with 0 68 
per cent of carbon, when the lion is subjected to overstrain by torsion through 
various angles 


Angle of twist 0° 70 5° 130° 225° >02° 

Sp gr 7 7149 7 6678 7 6136 7 5802 7 5757 


The results show that the sp gr decreases generally as the result of cold- working by 
twisting F C Lea and W N Thomas measured the changes in the sp gr , D, 
of steel produced by compressive stresses, S , beyond the yield-point expressed m 
tons per sq m calculated on the original area, and summarized the results by 
d==D— 0 9984+0 0 9 29(250— S)S The sp gr tends to recover with the lapse 
of time 

G Tammann assumed that the decrease in sp gi produced by cold woik is duo 
to the pi eduction of minute gaps m the slip-planes of the ciystal giams , and 
K Honda, to the defoimation of the space-lattice by internal strain T Jshiaaki 



said that the fust decrease may he due to these two effects, hut th< subsequent 
increase is produced by the (losing up of the mmut< gaps by the highu press 
The value of the maximum sp gr king smaller than the initial sp gr is an effect 
of the distorted lattice , and the de< r< as( ofsp gr with higher strains is due to the 
formation of new mt err rystallme gaps S Kekito found that the doc re iso m sp gr 
produced by quenching is due to an expansion of the spare lattiu 

The effect of hardening by quenching on the specific gravity of non and of its alloys 
with carbon — Hardening by quenching also lowers the sp gi , as m the < um of cold 
working , thus, H Caron gave the following measurements of a ste< 1 rod 


Length 
Breadth 
1 hicknc hs 


Be for« 
Hardening 

20 00 
094 

o<)i 


llardt nml 

r : fn -'"' L ' 1J | : J - *^S ..pm in. 

ioUuuH 20 Him* Mtimtu 

10 SO lK(>t 17 07 i in 

0 90 0 90 1 (H) , 

0 90 0 07 1 00 


and the sp gi bcfoio hardening was 7 817, and after hardening thnh times, 
7 793 H C Ci oss and K H Hill a u suits aie summari/td m Table XIV 
Observations wckj also made by II J Fiench and 0 Z Klopsrh (’ Krommc gave 
for the vol changrs of iron subjected to rhffaent heat treatments, original vol, 
100000, glass hard, 1 01000 , trmpurd yellow, l 001% , tempered blue, 1 00060, 
tempered giey, 1 00425, and annealed at a ted bat, 1 (X)175 V Fromme’s 
results show a maximum, oi an expansion m volume on passing from the 
grey annealed to the soft state C Bax us was unable to verify this but added that 
with a more prolonged heating and cooling, it might be possible to obtain the 
maximum In one senes of obsoivations lie found for steel annealed at different 
temp 


Annealing tomp 100 J 190' HO* 400* 720 900' 1100* U00° 

&P gr 7 7102 7 7251 7 7U1 7 7011 7 7791 7 7810 7 7805 7 7850 

Sp vol 0 12970 0 12915 0 1291 5 0 12880 0 12854 0 12810 O 12K1J 0 12801 


when the values for glass-haid steel are u spec lively 7 6817 and 0 13018 , and for 
commercial soft steel, 7 81 and 0 1280 

W Metcalf and J W Langley found that sto< 1 increases m vol , or de< reasos m 
sp gr during hardening The sp gr were 
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790 
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808 
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771 
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780 
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Andie w and to workers found that the effect of varying the temp of 
quenching on the bj> vol of ste< I k with carbon up to 
about 70 per cent ih with that at 800‘, the increase 
in Hp vol in almont hrnar, as far as 0 75 jiei cent 
< arbon, and tlie increase in then hIowoi For a quench- 
ing temp of 1 100", the curve shows a drop m the sp 
vol m the range 0 90 to 12 per cent of < arbon, and 
there appear to be analogous drops in quenching from 
900° to 1000° steels with 1 20 to 1 00 per cent carbon 
K Tamara’s results for the sp gr of quenched, 
annealed, and tempered steels are summarized m 
Fig 182 S Sekito found that the X-radiograms of 
quenched steels with different proportions of carbon 
show that the distances, 2b, of the lines (110) with 
different propoitions of carbon, aie 

0 31 0 Ti 0 80 0 00 1 08 per cent 

50 24 50 14 CO 16 50 01 50 17 nun 
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so that the lattice expands 0 45 pei cent for 1 per cent of carbon , the value cal- 
culated from K Tamara’s values for the sp gr is 0 44 per cent This shows that 
the expansion is mainly due to the expansion of the crystal lattice The internal 
stress corresponding with the broadening of the lines is 192 kgrms per sq mm , 
which is of the same order of magnitude as the tensile strength — C Grad gave 
200 kgrms per sq mm The plane at right angles to the plane of maximum at 
density — i e the plane of easiest slip — has the greatest internal stress 

H Hanemann and E H Schulz obtained for steels with 0 16 per cent 0, 0 33 Si, 

0 38 Mn, 0 015 S, 0 017 P, and 0 07 Ou 

Amu ilcd Quouclicd it 

t "" — I - " ^1 — x 

1200 llOo J005 930 820 765 

fc>p gr 7 863 7 854 7 855 7 801 7 853 7 851 7 855 

foi steel with 0 51 0, 0 33 Si, 0 62 Mn, 0 023 S, 0 045 P, and 0 07 Cu 

Sp gi 7 854 7 804 7 798 7 801 7 795 7 804 7 844 

foi steel with 0 86 C, 0 23 Si, 0 25 Mn, 0 033 S, 0 010 P, and 0 020 ( <u. 

Sp gi 7 857 7 774 7 769 7 772 7 702 7 779 7 839 

and, foi steel with 1 17 0, 0 21 Si, 0 31 Mn, 0 020 S, 0 010 P, and tiaces ol coppei 

Sp gr 7 847 7 752 7 759 7 771 7 761 7 810 7 834 

The effect of annealing on the specific gravity of steel hardened by mechanical wot l 

01 quenching — The effect of annealing is to restore the original sp gr diminished by 

the cold-work Thus, P Goerens found a steel wire m which the sp gr 7 806, rose 
to 7 822 on annealing GW A Kahlbaum and E Sturm gave 7 7970 for the sp 
gr of annealed piano wire, and 7 7772 for the same wire cold drawn — decrease 
0 0198 The original sp gr was restored on annealing E Maurer, E H Schulz, 
B D Enlund, and K Tamara discussed the subject m connection with the 
tempering of steels (q v ) C Chappell and M Levin found the sp gr of eold- 
woiked specimens of steel is about 0 3 per cent less than that of the annealed 
metals Observations were also made by M Levin and K Dornhecker, who 
found that for the sp gi of annealed and unannealed iron-carbon alloys 

Caibon 0 0 11 0 35 0 63 1 00 1 54 2 69 3 05 3 75 per cent 

~ <yr /unarm 7 8718 7 8523 7 8422 7 8297 7 8159 7 7957 7 7591 7 7522 7 7343 

gr lann 7 8748 7 8519 7 8425 7 8277 7 8166 7 6422 — — — 

W Eraenkel and E Heymann followed the course of the annealing of quenched 
steels by the change m the sp gi They also observed that with an austemtic steel, 
having 2 65 per cent of manganese, and 0 82 per cent of carbon, at 200°, the sp gr 
rises during the first hour from 7 7801 to 7 8080, and falls to 7 7926 in the first 
50 hrs , and rises to 7 7940 m the next 150 hrs With annealing at a red heat, 
the sp gr rose to 7 8197 "With a steel having 0 50 per cent of manganese and 
0 80 per cent of carbon, there was only a difference of 0 004 between the maximum 
and minimum, whilst with the other steel there was a difference of 0 01 5 

A Osawa observed that a sample of armco iron, annealed at 1150°, had a sp gr 
of 7 8787 at 20°, and a sp gr of 7 8795 after being dipped m liquid air at about 
—185°, and brought back to 20° Iron can thus become more compact by cooling 
to a low temp , possibly owing to the elimination of some pores by the contraction 
of the metal H Hanemann observed the sp gr of an unannealed 1 79 per cent 
carbon alloy quenched from 1120°, 1130°, and 1140°, before cooling m liquid air, 
to be respectively 7 7842, 7 6923, and 7 8214, and after cooling m liquid air, 
respectively 7 6866, 7 8117, and 7 6828 , and for alloys quenched from 1100° to 
1130°, aged or annealed at 100° to 395°, before and after cooling m liquid air 

Tempered at 100° 150° 210° 200° 287° 306° 435° 375° 395° 

q f Before 7 8758 7 8979 7 8314 7 7331 7 7084 7 7714 7 7728 7 7794 7 7536 

& \ After 7 6942 7 7146 / 6993 7 7186 7 7032 7 7560 7 7686 7 7810 7 7485 
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The observations of II 0 CiossandE E Hill,!! A Dickie,? Ooircns, R Hay 
andR Higgins, E HejnandO Bauer, and E 0 Lea and co work* is show that the 
effect of annealing on the sp gi of cold worked steel is appreciable m some cases at 
temp so low that lecrystalhzation has not commenced K Tamaru’s results are 
summarized m Eig 182— vide <tup>a, the tempering of steel T Ishigaki observed 
that with armco iron the sp gi 7 862 was reduced by hammering to 7 85 r > The 
recovery of the sp gr by annealing did not hero commence until neaily 7(X)' , m 
fact, a decrease m the sp gr occurred at 500° This has not been explain* d The 
decrease was also observed in the annealing of specimens which had been subjected 
to tensile and compression stresses JB D Enlund obseived a contraction m the 
sp vol during the annealing of quenched steel beginning near 1(K)° and ending 
about 210° Thereafter, a pronounced expansion occurs between 260° and 300° 
The expansion was also observed by G B Svedelms, G Oharpy and L Grenct, 
andP Chevenard The contraction is attributed by B D Enlund to the formation 
of troostite and the coagulation of cementite, while the expansion corresponds with 
the decomposition of retained austenite The subject was discussed by K Tamaru 
— mde supra , tempering 

E Heyn and O Bauer measured the influence of annealing mild steel wire at 
different temp on the sp gr , and found for wires of diameter d mm , and the ratios 
n of the elongations due to cold stretching, the sp gr before and after annealing 


d 


5 22 

3 05 

3 10 

2 65 

2 25 

1 90 

160 

1 10 

1 25 

n 


— 

2 045 

2 835 

3 88 

5 38 

7 55 

10 65 

13 91 

174) 

Sp gr! 

(Before 

7 801 

7 840 

7 832 

7 835 

7 828 

7 838 

7 836 

7 841 

7 825 

( Vftor 

7 802 

7 845 

7 8406 

7 849 

7 843 

7 8415 

7 843 

7 847 

7 8575 

They also found for the cold drawn wire, 1 25 mm 

diameter, annealed at 

various 

temp 

0° 

100 

200 

too 1 

400 

500 

(100 

700 

800 J 

900’ 

Sp gr 

7 825 

7 8275 

7 829 

7 811 

7 8 10 

7 830 

7 831 

7 8185 

7 850 

7 8575 


The sp gr increases with rising temp E Maurer obseived that cold w'ork* d steels 
with 0 14 and 0 40 per cent of carbon attained thur maximum sp gi when annealed 
respectively at 150° and 250° II C Cross and E E Hills observations are 
summarized m Table XIV 

Table XIV — The Specific Gjramiv or Qujhckjm;> atsi> 'll murid ( auuon Si* ms 
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Tempering Temperature 




Qt 

Hot 
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Water 

quenched 

150° 

225° 

300° 

375 

400 

1 

52u i 

i 

1 woo* 

0 09 

910 p 

7 848 

7 823 

7 829 

7 809 

7 830 

7 818 

i 

7 315 

I 

7 8)9 

1 7811 

0 28 

866® 

7 850 

7 829 

7 837 

7 833 

7 839 

7 842 

7 816 

7 816 

7 811 

0 35 

866° 

7 839 

7 802 

7 811 

7 816 

7 829 

7 8 JO 

7 828 

7 829 

7 829 

044 

820® 

7 839 

7 802 

7 805 

7 809 

7 824 

7 833 

78H 

7 831 

7 831 

0 47 

820® 

7 833 

7 795 

7 796 

7 801 

7 818 

7 825 

7 828 

7 828 

7 8)1 

0 60 

810° 

7 838 

7*785 

7 794 

7 797 

7 818 

7 827 

7 829 

7 828 

7 832 

0 68 

810° 

7 832 

7 776 

7 788 

7 789 

7 809 

7 821 

7 821 

7 826 

7 827 

Q 87 

796° 

7 832 

7 769 

7 784 

7 784 

7 810 

7 824 

7 820 

7 826 

7 810 

0 98 

795° 

7 828 

7 762 

7 780 

7 776 

7 804 

7 818 

7 821 

7 82) 

7 823 

105 

795® 

7 825 

7 770 

7 795 

7 792 

7 814 

7 818 

7 821 

7 821 

7 822 

1 12 

795° 

7 819 

7 757 

7 781 

7 770 

7 785 

7 805 

7 800 

7 807 

7 813 

129 

796® 

7 812 

7 758 

7 780 

7 767 

7 787 

i 

7 802 

7 805 

7 807 

7 808 


H A Schwartz measured the sp gr of annealed and unannealed white cast 
nron with different percentages of carbon E Maurer determined the sp gi oi 
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a 0 83 per cent carbon steel, hardened by quenching fiom 800°, and annealed at 
different temp J H Andrew and A J K Honeyman found for carbon steels with 
0 08 to 0 25 per cent of manganese, and 0 08 to 0 175 per 
cent of silicon the values shown m Fig 183 for the sp 
vol (corrected for silicon) for steel quenched fzom 900° 
and tempeied for an hour at different temp Tempeimg 
at 160° affects only the martensite At 250°, both 
austenite and martensite are tempered, but m the highei- 
carbon steels the tempering of austenite predominates 
although it is not completed The tempering at 350° 
completes the austenite transformation, but some mar- 
tensite still remains Tempering is complete at 620°, but 
this would probably be obtained at a lower temp For 
furnace cooled nickel chromium steel, with 3 46 per cent 
of nickel, 1 80 per cent of chromium, 013 to 0 i 9 per 
cent of silicon, the critical temp, sp vol coriected for silicon, and the scleio- 
scopic hardness were 

Carbon 0 51 0 51 1 28 1 2b 1 2S 1 50 1 50 1 50 pei cent 

Critical temp 600° 400° 600° 400° 150° t>00° 400° 150° 

Sp vol 0 12757 0 12774 0 12781 0 12768 0 12788 0 12790 0 12778 0 12794 

Hardness 30 57 38 48 67 36 47 70 


Foi the same steel, quenched fiom 1200° and tempeied for an hour at the temp 
named 


Per cent 0 

Quenched 


Tempered 


Aunt aled 


1100 

' 190 

260 

365 

600 

780 

Sp vol 

0 12843 

0 12814 

0 12814 

0 12790 

0 12763 

0 12763 

Hardness 

65 

65 

65 

60 

52 

34 

Sp vol 

0 12626 

0 12626 

0 12626 

0 12716 

0 12798 

0 12788 

Hardness 

29 

34 

34 

49 

56 

36 

Sp vol 

0 12650 

0 12647 

0 12647 

0 12763 

0 12803 

0 12791 

Hardness 

31 

34 

34 

57 

63 

40 


No change m the sp vol occurs until 365° is reached , the slight increase m hard- 
ness is a surface effect Tempering at 365° results m an incomplete transformation 
of austenite, but most of the transformation is completed between 350° and 600° 
The tempering at 600° is not complete Heating to 780°, followed by slow cooling, 
brings the steels back to the fully annealed state 

The energy equivalent of the changes m volume — As indicated below, B Hcyn and 
O Bauer found the sp gr of cold drawn mild steel wire to be 7 825, and when 
annealed at 700°, the sp gr becomes 7 838 , and this corresponds with a deciease 
of 1 66 mm per 1000 m a wire 1 25 mm diam E Heyn and O Bauei explain 
the reduction m sp gr by cold-woik, and the increase m sp gr by subsequent 
annealing as follows E Rasch has shown that m stretching a metal bar, heat is 
absorbed so long as the stress is elastic in character , but on passing the yield-point 
the heat of the action changes sign, and heat is evolved In compressive tests, 
however, E Rasch found that the heat of the action is positive from the beginning, 
and on exceeding the yield-point a sudden increase m the heat of the action occurs, 
but the sign is not changed From this \t might be inferred that the elastic change 
of foim of metals follows a law similar to that which governs the elastic change of 
form of gases That is to say, expansion is accompanied by the absorption of heat 
and a reduction m density , and compression, by the liberation of heat and increase 
m density In contradistinction to this purely elastic change of form stands the 
purely plastic change of form, which occurs when the internal friction of the metal 
particles is overcome , it is accompanied by the conversion of work into heat This 
process, as m all cases where work is converted into heat by friction, is not reversible 
No change m the sp gi would be expected to take place, so long as there were 
no hollow spaces in the body befoie undergoing deformation That is, as long as 
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the change of sp gr can be taken as zero in<l the movement of the particles 
of the body is not prevented by very high pi ess Such a <1< form it ion of a 
purely plastic nature cannot be produced m piactice, because it is always 
accompanied by an clastic change of form, even though this, ho fai is can be 
judged from the extent of defoimation, is very minute m compariHon with the 
former Since an clastic change of form, is m the case of gases, is accompanied 
by a storing up of potential energy, a certain amount of potential <nng) lemams 
stored m metals when deformed m the cold state Thus, in the e old drawing of wire, 
the individual partnlcN become plastically, but also partly elastically, stretched 
When the aticss is no longc i applied, the mate rial partially i< covers from the elastic 
change of fonn , but tins change of form may be partially retained m the material 
m consequence of thciesistance due to faction, which opposes the a turn to a state 
of equilibrium , and this lemanent c last ic tension iev< als itself in the j< due tion of 
the sp gi of the metal By heating the < old diawn material the mt< tnal faction 
is modeiated, and the elastic tension of the particles is thueby leleased so that 
a new state of equilibnum corresponding to the temp is attune el The sj> gi 
must therefoie correspondingly muease, as has been alieudv jneiveel by 
G W A Kahlbaum and JB Stuim foi a guat numbei of metals JO H«\n and 
0 Bauei obtained an appioxmiate estimate of the lenmne nt edastie stress n uncly 
3d kgims pa sq mm - from the difiercnces in the sp gi be foie and afte 1 annealing 

Let d, l, and 8 icspoctively denote the thickness (l 25 min ) length and up gi oi tlu 
annealed wire, and J), L, and M the coriospondmg \aluos lot tho cold drawn w it< '1 ban 
dh--DLt S', but tho chffueueo m the thickness ot tho two whom ik Hinall enough to he 
negloctod, and then L- fa/tf , and tho elongation L l Ik comers /| (w/*V) lj 0 00 \M 
since the sp gr ,s, ot the cold diawn wno is 7 825 and tho sp gr ofthowm itmteahul at 
700° is 7 838 This means that tho wne 1 25 mm diameter, has hoc n shoite nesl O 00I00J 
— u 16t> mm per 1000- during annealing Lot A T denote the modulus oi elasticity, 
nearly 20,000 kgrms per sq mm , and 8 tho elostie stiess m kgnm- pci sq mm 'Ihcm, 
Q 00}(5Qlz=:l8/]S , oi 8, tho remanent elastic stress, is neatly 33 kgans pex sq mm tide 
supra, annealing 


The specific giavily and spatfu volume of the (omliluoils of tin < at bon non 
alloys — O C Ralston found that tho mean vilucs for tho sp gr and sp vol of 
the constituents of steel aie respectively as follow Feu it e, 7 864 and 0 1271 , 
cementite, 7 670 and 013038, pearhte, 7 778 and 0 12850, austenite, 7 843 
and 0 1275 , martensite, 7 633 and 0 1310 , a marti unite, 7 581 and 0 I lid , and 
P martensite, 7 800 and 0 1282 Tins shows that when an austenitic steel is con 
verted into martensite, there is an expansion m vol The transition from martensite 
to pearlite involves a decrease in volume although pearhte has a smaller sp gr 
than austenite G Tammann and K Ewig found that at the A 0 arrest, about 210°, 
the dilation of cast iron corresponds with an expansion of 0 0795 c mm per gram 
ofFe 3 C A Westgren found tho sp gr of austenite with 12 1 percent of manganese 
n 0,34 r ~\ — na v i and 1 34 per cent of carbon to bo 7 82 , .end (J Tammann 

1 eat — m&%— and ® Scheil gave 7 83 for the sp gr of a steed with 1 72 

Ssw-tofzf- per cont of carbon These austenites are an pui c A Ottawa 

t ow obtained 8008 for tho sp gr of austenite calculated by 

one-m^L- extrapolation from tho X-radiogram data for mckcl steel 

0 124 020 SI 0 I 4 IS ® Sato’s value for the thermal expansion gave 8 12 for the 

Percent of carbon ®P au stemte at room temp , F Wavers value is 

8 04. , and K Tamaru’s value 8 097 


FIG 184 —The Effect C Benedicks said that troostitc, soibite, and pearhte all 
SeSfvotaS* 4 ^ ? avo th ® sa l me S P vo1 > and that the sp vol of austenite is 
Martensite and Aus „ » anc *. that of martensite greater than that of pearhte 
ternte a. von Jilptner gave 7 82 for the sp gr of pearhte, and 

___ „ A .v , ® , S P V °1 J H Andrew and A J Jk Honey- 

man observed that, as indicated by the sp vol , the tempering of martensite begins 
at or below 150 , but it is not complete at 360° in an hour The sp vol of fully 
mpere martensite is the same as that of the corresponding pearhte, indicating 
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that m both conditions of steel, the cementite possesses the same crystalline fo!mr 
B Maurer represented the eflect of carbon on the sp vol of martensite and 
austenite by the curves Fig 184 The changes m sp gr or sp vol during the 
transformation of austemte to martensite were studied by W Fraenkel and 
B Heymann, H Hanemann and L Trager, E Scheil, M Levm and K Dornhecker, 
K Honda, F Wever and P Rutten, A Westgren and G Phragmen, K Hemdlhofer 
and F L Wright, and W L Fink and E D Campbell L Zimmermann and 
H Esser studied the sp vol of cast iron K Honda found that the sp vol of 
austemte, and of the a- and /? martensites, depend on the carbon contents, thus 


Carbon 
Sp vol 


Aubtemte 
a martensitt 
p maitensito 


04 

1 1252 
0 1276 
0 1 265 


07 

0 1256 
0 1281 
0 1268 


10 

0 1260 
0 1204 
0 1270 


1 2 per cent 
0 1263 
0 1300 
0 1272 


and foi the sp vol of cementite at room temp and at 1130°, K Honda and co 
workers gave respectively 0 1304 and 0 1350 , and for iron, respectively 0 1271 and 
01331 

The changes in volume dm mg tempo mg — The observations of K Tamaru, and 
otheis have been discussed m connection with temper mg According to H C Cross 
and E E Hill, carbon steels, with up to 1 30 pei cent of carbon, decrease m density 
when quenched due to the formation of martensite The magnitude of this decrease 
rises with increasing carbon content, reaching a maximum at about 1 per cent 
carbon, and then falls off slightly Upon tempering, the quenched steels gradually 
increase m density A decrease m density is noted m the hyper eutectoid steels 
when tempered at 225° and this may be ascribed to the tempering of retained 
austeriite Upon further tempering above 225°, the density of all samples increased, 
ultimately approaching the density of the annealed steel upon tempering at 600° 
The greatest increase m density occurs upon tempering at 300°, the rate of increase 
then gradually falls off as the tempermg temp is raised to 600° 

Quenched austenite is more stable than martensite at room temp and up to 
200°, so that on tempermg up to 200°, martensite needles may be converted into 
troostite , and if a sample be then cooled m liquid air, needles of martensite appear 
m a ground mass of unaltered or super cooled austemte Water-quenched steel 
contains martensite mixed with some austemte On tempering, martensite alters 
to troostitic and sorbitic pearlite with an increase m vol The change is at about 100°, 
and is nearly complete at 200° , and austenite begins to pass into sorbite at about 
250°, so that as the temp rises to 300° to 500°, the sp vol decreases by the passage 
of what G Tammann and E Scheil call distended pearlite , or troostitic pearlite, into 
normal pearlite Any austemte converted at or below 250° furnishes this dis- 
tended oi troostitic pearlite, and any converted above 250° furnishes normal sorbitic 
pearlite The pearhte is distended at 100° to 300° because it has a smaller sp vol 
than the martensite from which it was derived The solid is not sufficiently mobile 
at these temp to allow it to contract and fill the spaces that tend to form Hence, 
tempered steels have usually a high sp vol Ordinary pearlite formed by the slow 
cooling of austenite has a sp vol of 0 12856, whereas the distended pearhte has a 
sp vol 0 1303 O C Ralston suggested that if the distended pearlite is sorbite or 
troostite, the sp vol 0 1303 corresponds to a real vol and is not due to a distortion 
of the pearlite lattice as a result of its rigidity at the low temp of the tempering 

According to G Tammann and E Scheil, water-quenched steel has about 50 per 
cent martensite embedded m a matrix of super-cooled austenite , and steel quenched 
m liquid air has a sp vol of 0 12965 corresponding with about 80 per cent marten- 
site K Honda and H Endo found that by repeated cooling in liquid air, and 
warming back to ordinary temp , the sp vol could be brought to 0 1303, very nearly 
the value 0 1310 for martensite Hence, quenching m liquid air did not completely 
eliminate the austenite 

The changes in volume on solidification oi melting — H Moissan found that iron 
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with hut little carbon < ontia< Ih on sohriifu at ion lmt whni safuiatul with < ni htm, 
flu nutal expands on solidification () 0 Ralston ga\e th v (MHfi foi the best 
i< pi < sent ative value of the expansion pei unit volume foi punfnd non on melting 
it I >1V According to W U Robe its Aunt on and T Wnghtson, the sp gr of 
solid non, ncai its m p , w 0 Oh, whilst that of the liquid mi tal a htth higher in temp , 
is 0 88 It Mallot made obseivations on this suhjec t T W light non gave for the 
sp gi of cold, solid grey CVv< land iron, b % , molten non, 6 88 and iron m the 
plant u state, 6 50 V Benedicks and <o workers found the sp gr of liquid non 
holding 0 10 per cent of carbon, which was estimated to mac use to 0 2 or 05 
pc t cent of carbon during the experiment, to be 0 02 ) 0 07 at I r nO ' This cone 
sponds roughly with a linear shrinkage of t * f th in passing from the in p to onlmaiy 
temj) lx Honda and to workers obtuned the 1 results suinman/eel in .Fig 185 
The sj) gi cuive of liquid iron containing different piopoitions of carbon, and, for 
comparison, the hquidus curve, axe given m Pig J85 Both cuives aie of the 
same general type At 1600°, the sp vol , n, and the me lease m the sp vol,8t> 
pa 100°, are 

Carbon 0 0 5 10 15 2 0 5 0 1 0 pu < < hi 

8p voi 0 im 0 1445 0 UCU 0 1 171 0 1487 0 1518 0 1500 

St? 0 0020 0 0023 0 0025 0 0028 0 0050 0 0015 0 0018 

The effect of additions of vanous elements on the sp vol is indicated in .Pig 186 



Pig 185 — Specific Gravity Curve ot 
the Liquid Alloys of Carbon and Iron 



Fig 186 — The Effect of Various 
Elements on the Specific Volume of Iron 


According to E Wust, the contraction of puiified iron from the solidifying temp 
is 2 39 per cent It is diminished by carbon, the addition of 1 7 to 2 per cent giving 
a minimum of 1 9 pei cent, but then slowly increases as the carbon is furthei 
mcieased Phosphorus diminishes the contiaotion to 1 3 pei cent at i 7 pei c ont 
phosphorus, but further addition increases the contraction In both sene s of alloys 
the formation of mixed crystals diminishes the contraction, but when the limit of 
solubility is exceeded and iron carbide or iron phosphide is fanned, the contiaotion 
increases Silicon diminishes the contraction of non fiom 2 37 pei cent to 17 
per cent at a content of 18 24 per cent silicon Manganese was the only element 
investigated which increased the contraction, which ioho to 2 89 pei cent at 15 5 
per cent manganese Sulphur diminishes the contraction nipidly up to a content 
of 1 per cent , afterwards more slowly, but with no minimum value as m the case of 
phosphorus Nickel diminishes the contraction of iron veiy little, with a minimum 
at about 25 per cent nickel Chromium diminishes the contiaotion uniformly 
to 1 80 per cent at a content of 21 4 pox cent chiomium lion alloys free from 
graphite show an elongation at the beginning of solidification, the magnitude of 
which corresponds roughly to that of the solidification period of the alloy 
C Benedicks and N and Gt Ericsson, and 0 H Desch and B S Smith gave for 
iron with 0 03 to 0 04 per cent of carbon, and for alloys with 3 12 to 3 65 per cent 
of carbon 

0 03 to 0 04 per cent C 3 12 to 3 05 per ant 0 


Enosaon 
i) and. S 


1680* 1546“ 1550* 1560* 

7 18 7 17 7 10 7 17 

0 79 6 05 0 97 0 95 


1800* 1856' 1405° 1465* 

7 20 7 28 7 2* 7 17 

0 9J 0 90 0 82 0 77 
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The mean values foi 0 04 per cent (aibon are respectively 7 00 and 7 1 7 at 1545°, 
and fox 3 40 pci cent caibon respectively 7 25 and 6 86 at 3350° HI A. Sehwut/ 
found the sp gi of liquid non between 1375° and 1500° vanes O 02 grin pei c c pci 
elegxee and that at 1450°, sp gi — 7 16— 0 l[SiJ— 0 7[UJ, wheie tine symbols 
represent paits per 100 D W Beilin gave foi caibonfx.ee iron, find lion with 


1 2 per cent of carbon 

m p 

1550 

1600 

1650° 

1700 

Carbon free 

74 

7 3 

72 

70 

«q 

1 2 per cent C 

— 

70 

69 

6 8 

6 7 


F Saueiwald and eo workers found the sp vol and sp gi of grey cast non — with 
3 32 per cent total caibon , 2 72 per cent giaphite , 2 76, Si , 0 56, Mn , 0 126, S , 
and 0 492, P 

700 800 840 000 1000 1100 mi 1200 1100 

fep sol 0 1460 0 1478 0 1484 0 1476 0 14S7 0 1444 O 1444 01485 0 1 445 0 1477 

Sp gr OSS 0 77 0 73 0 78 6 86 6 92 6 92 6 97 6 »2 6 77 

' ' ' V ' 

Solid liquid 

The lesults aie plotted foi the sp \ol m Figs 187 and 188 , there is o maximum 
on the curve at 840° H A Schvaitz icpresented the sp gi , D, of laqu id non, at 
3450°, by /)= 7 16— (0 1 Si+0 07 0) Observations wcie made by Gr Ooaith and 


0/50 

gim 

3^0/H 

0 / 4 ?, 
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Fig 187 — The Effect of Temperature on 
the Specific Volume of Iron 



Fig 188 — The Effect oi Carbon on 
the Specific Volume of Iron 


F Sauerwald, W Krause and F Sauerwald, W Blitz and K Meisel, a.nd J J Sas 
lawsky According to F Sauerwald and E Widawsky, tie sp vod of molten 
iron carbon alloys does not follow the mixture rule, and hence they infex that the 
liquid metal contains the tritacaibide, Fe 3 C Their results are summ&i uedm Table 
XV W Blitz and K Meisel calculated 1 05 for the at vol of a-iron at absolute 
zero 


Table XV — Thf Specific Volume of ihf Iron Carbon Alloys 


CarUon 
per cent 

LIquulus 

Speufl 

c Volume 

Cemp Gooff 

fr^ ot 

Specific Q*a\ity 

at Liquidus 

at 1600 

atm p 

at 1600 

00 

1533° 

0 1402 

0 1405 

0 05 

713 

7 12 

05 

1480° 

0 1408 

0 1411 

0 06 

710 

7 08 

10 

1458° 

0 1412 

0 1417 

0 06 

708 

7 05 

1 5 

1422° 

0 1416 

0 1425 

0 07 

7065 

7 02 

20 

1382° 

0 1418 

0 1432 

0 07 

7 0S 

6 98 

25 

1341° 

0 1419 

0 1438 

0 08 

705 

6 95 

30 

1290° 

0 1419 

0 1445 

0 08 

7 05 

6 92 

35 

1232° 

0 1418 

0 1452 

0 09 

7 05 

6 88 

40 

1170° 

0 1415 

0 1459 

0 10 

706 

6 86 

42 

1150° 

0 1414 

0 1462 

0 10 

707 

6 84 


Ii Honda and co workers found for the increase m volume, Sv/v t which occurs 
during the solidification of cast iron with Or per cent of graphite, and O pe r cent of 
decomposed cementite 
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INORGANIC AND THEORETICAL CHEMISTRY 


Or 1 10 2 80 2 }8 1 90 1 00 0 22 0 12 0 00 

a 40 10 42 SO »9 <>0 28 10 H 97 8 02 1 79 0 00 

St/v 2 71 2 22 1 <18 0 82 -1 00 -107 171 1 00 


The volume change ? at the tute< he hmpuaturc — Jh Honda and II Eiido estimated 
that pure iron on freezing at 1530° contracts 4 4 per cent m volume The sp vol 
of a iron at 1460° is 0 B66 , and of 8 iron at 1530°, 0 371, and the sp gr , 7 21 
They gave for the sp vol of white cast iron with 4 1 to 4 3 per cent total carbon, 
and 2 8 to 3 0 per cent graphite 

1130 (mp) 1160* 1100* 1260“ 1100 

Rp vol 014$} OH)} 0 1445 0 1100 0 H80 

Sp gr 0 07 «% 011 0 87 0 77 

The increase m vol , Svjv, decreases as well, becoming mo with 2 0b per cent 
of graphite (41 per cent of total carbon and 0 38 pei ctnt of silicon) When 
no graphite is precipitated, and the metal ih 1(X> pei <<*nt white east iron, extra- 
polation shows that the eontiaetion during solidification i« 3t> per eent The 
results show the relation between the change of vol and the liberation of giaphite 
during freezing , and they agree with the assumption that the giaphite present 
in cast iron is a decomposition product of the < ementito which is piee lpitate d from 
the molten alloy during solidification — vide mjira If Raucrwald and co-workeis 
gave for pig iron of a eutectic composition, 0 85 for the sp gr and 0 1400 for the 
sp vol at 700°, the sp vol rose to a maximum of 0 1484 (or sp gr 0 73) at 840°, 
and then decreased steadily to the m p where a sharp decrease oceuired followed 
immediately by a rapid mciease on liquefaction The abnormal contraction at 
the rap is attributed to the formation of large quantities of cementite m the m< It, 
and the maximum m the sp vol curve to the formation of cementite and y non 
F Saueiwald and J Wecker found the sp vol , v, and sp gr , D, of white cast iron 
before and after melting, to bo v -U 1398 and D -7 15 for the solid, and v 0 1418 
and T>~1 05 for the liquid , and for grey cast non, V — 0 1449 and 1) ' (> 90 for the 
solid, and i>=-0 1435 and D=6 97 for the liquid Consequently, while grey c ast iron 
conliacts on melting, white cast non expands F Saueiwald and E Widawsky 
found that the contraction of solid giey non is due lo the dissolution of gi iplntt, 
and 1 hat cementite is formed when the gny non is mdted The data foi gity 
cast, non, and white cast non ate 


Grey j 

Wlutoj 


700 900 1000 1170“ 11.7 II >. 11(>0 U.0 1100' 

Sp vol 0 1470 0 14S0 0 1477 0 H70 0 11.7 - 0 1178 

Sp gi 0 87 0 77 0 87 0 10 — (.1/ 0 77 

Sp vol 0 1 $40 OH152 0 1 100 -- 0 I }<)1 0 1117 OHIO — 

Sp gi 7 40 7 29 7 $5 7 18 7 07 - 0 12 

V V " V ' 

solid Would 


L Zimmermann noted a break in the sp vol curve at about 700“ with white 
cast iron, and found that the expansion which occurs on melting is between l 33 
and 1 41 per cent J J Saslawsky studied the atomic volume W L Bragg > 
calculated for the atomic radius, 140 A , W P Davey, 1 23b x 10 a cm , 
C Benedicks, 126xl0~8 cm , M L Huggins, 1 23 A foi bivalent non, and 
G Natta, 0 83 A G Natta and L Passcrmi found that if the ladius of oxygen is 
1 32 A , that of iron ib 0 82 A Observations were also made by A M Be rkenheim, 
E J Cuy, Y M Goldschmidt, H G Grimm, E Horlingor, M L Jluggm», 
L Pauling, J C Slater, and E T Wherry from which it follows that for 
tervaient iron atoms, the effective radius is 0 49 to 1 45 A A Kapustmsky 
investigated the effect of solvation on the ionic radius, and F Wcvei, the 
efieot of polymorphic transformations 0 Benedicks discussed tho sphere of 
activity of the atoms , P Vinassa, the mol number , and JAM van Liempt, 
the atomic constants 

3 B A Dumas 4 observed that iron is scratched by glass of Q 6 on 

Mohs scale F 0 Calvert and R Johnson said that iron is the hardest of all the 
ductile metals— the hardness of Staffordshire iron being 6 to 7 on Mohs’ scale, and 
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that of steel 6 JR Rydberg gave 4 5 for the hardness of iron on the same scale 
H F E Lenz also reported the results of some tests on the hardness of metals 
Actually, P P Cioffi found the hardness of iron of a high degree of purity to be about 
the same as that of annealed copper, that the hardness of iron on Mohs* scale is 
5 5, and after heating m vacuo, 45 T Turner observed that the hardness of iron 
is 1375 when that of copper is 1360, and that of the diamond 3010 These state- 
ments serve to illustrate how simple a property hardness was considered to our 
predecessors , a marked contrast to what the term means to day There is also 
little to indicate the marked change m the hardness which occurs with modifications 
m the thermal treatment Hardness may be defined as the resistance of a body 
against permanent change of shape , or, less Vigorously, as T Turner expressed it, 
hardness is the property of resisting penetration, so that a hard body is one which 
under suitable conditions readily penetrates a softer material The phenomenon 
is really a complex one, so that hardness varies m kind The manifestations of 
hardness vaiy with the form of stress to which a metal may be subjected, so that 
phrases like tensile hardness, cutting hardness, abrasive hardness, and elastic hard 
ness have been employed The usual tests for hardness are static m character, but, 
as T Turner pointed out, the conditions are different when the penetrating (or other) 
body is moving with a greater or less velocity Dynamic hardness is exemplified 
by resistance to the action of a sand blast, to the pounding of a heavy locomotive on 
a steel rail, to a projectile, or to a cuttmg tool m a lathe The subject has previously 
been discussed from one point of view — 2 20, 7 

S Bottone assumed that, m geneial, the closei the atoms are packed, the greater 
the hardness , hardness varies inversely as the at vol Hard metals have a low 
at vol , and soft metals a high at vol G Wertheim made a similar observation 
with respect to tenacity about 1844 , and W C Roberts-Austen, with respect to the 
influence of foreign elements on the tensile stiength of gold , and F Osmond, with 
inspect to the influence of various elements on the critical temp of non C Bene- 
dicks pointed out a ceitam analogy between the atomic volume rule and the gas 
law that the press of a gas at a given temp is pioportional to the number of mole- 
cules in unit space, foi the haidness or the lesistance offered by a solid to the entry 
of anothei body will increase as the number of atoms m unit vol is increased 
The subject was discussed by L (Aruardet, and C 1 H Desch M Hannot obseived 
that non with a hardness of 57 7 units acquired a hardness of 62 3 after being com- 
pressed by a press equivalent to 1 0,000 kgrms pei sq cm —vide infra , the influence 
of cold work 

The parallelism between haidness and at vol is not rigid, and might be better 
if the metals were tested under like conditions P Ludwik said that the comparison 
should be made at temp bearing some relation with the m p G Mars illustrated 
the idea by calculating the atomic concentrations of a number of steels of known 
composition and hardness According to K Honda, for a given substance having 
a definite molecular force, its hardness increases with the fineness and strained 
state of the structure, and for the same structure, and the same degree of strain, 
the hardness of a substance increases with the strength of its molecular force 
C A Edwards found that there is an even closer parallelism between the hardness 
and the mp of the metals than with the at vol P Lasareff said that the propor- 
tionality between hardness and at concentration — the reciprocal of the at vol — 
follows from the assumption that the mutual attractive forces of the atoms of 
different elements is the same function of the distance between them I Traube 
observed a close parallelism between the haidness and internal press , and 
C Benedicks, between haidness and osmotic press 

The various methods for measuring hardness have been summarized by the 
nomenclature committee of the Iron and Steel Institute m 1902 , and reports were 
issued by the Institution of Mechanical Engmeeis m 1916, and 1929 The study of 
the so-called absolute hardness by H Hertz, F T Trouton, etc , was discussed 
2 20, 7 The summary with some modifications is as follows 
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r- I Ik hanlxuHh of a lw>d> is d< tenmwd by t ho penetration into it ot anoth< 1 body 

t--V\hcn tlio respective positions of both bodes remain tine hinged dining the 
ope 1 at ion of it st mg 

(tf) i he pt n< t ration oi the foieign both ih < jfi < t< d by mums of a st< ady puss 

(1) The depth of pcnetiut ion, puss (oust ant < q I A Hum U h indentation test 

(2) Pnhh rcqunml to produio a h\ul depth ot penetration 

(6) r Iho feueign body ih duvon m by moans ot a tailing we ight 

(1) Uio depth of penetration pioduood bv a constant blow ( q the diamond 

indentation tost, and b I* Roe kwe H s te v st 

(2) Ihofoico of blow ih requited to produee a fixed depth of penetration -eg 

EG Herbert's pendulum 

Jfi - The respeetno positions of both bodies \aiy dining tho opcmtmn of testing 

(a) By sex ate lung the surface with nonnal substances ot vauous hardness e q T jffae 
beck's proposal and V Mohs' mmoralogit alt ost 

(b) Bv pressing the harder substance against the l>ody to bo tested 

(1) Tho pross required to plough a way through a eoitam distance, or m a eortam 

timo a definite portion oi tho tost body r y W 1 Ke opV drill test 

(2) The weight of material u moved from tho tost body by a definite press ma 

definite time 

(3) The press necessary to produce on tho tost bod\ a futtow of definite width 

— ( q T Turner s sclerometer 

(1) The width of furrow cut in the tost body by a definite loading of tho cutting 
agent— < q A Martens s< leromote i 

(5) Tho numboi of rotations icquned to out a definite depth into a sulistanee 
bv a diamond tipped boioi under a definite load e y T A Jaggars and 
W l Keep's pi ocesses The dynamic tests, however, initodueo comphea 
tions which obseuie the development of tho difficult concept of baldness 
H P Hollnagel found that soft wrought non may appear haul wbe n rotated 
fast enough Thus, at a speed of 10 ft per see , a soft wrought non disc 
was cut by a steel tool , at 100 ft per sec , it cute the stool tool , and at 
TOO ft pei sec , it cuts quart/ 

(0) The abrasive hardness discussed by F Robin, etc 

(c) By measuring the height of rebound of a haid body dropped from a given height 
on to tho suiface to be tested -r g A F Bhore'a seleroscopo 

II — The hardness of a body is deduced from the properties of tenacity of the material- 
ise mfra 

G* D Bengough pointed out that the baldness measured by these tests involves 
two or more variables , and that hardness alone cannot be measured directly This 
was also the opinion of W 0 Unwin The different kinds of hardness are the 
resultants of different groups of component forces Thus, according to Or D Ben- 
gough, T Turner s sclerometer gives readings probably proportional to tenacity and 
density , A 3? Shore’s scleioscope gives leadings proportional to the elastic limit, 
and the elastic hardness so measured would be more accurately called retiUence, 
J A Brmell’s test measures rcsistanc e to c ornpression which is neaily proportional 
to tenacity, the reciprocal of compression, and T A Jaggar’s test depends on 
tenacity, density, and elongation The term hard is also applied to m< tals with a 
high tensile strength and a low elongation, but the term coherent would be more 
appropriate , metals with a low tensile strength and high elongation could then bo 
called msmd instead of soft , metals with a high tensile strength and high elonga- 
tions could then be called ductile , and metals with a low tensile strength and low 
elongation could be called weak 

i 

Observations on the testing of the liardness of iron and its alloys were made by 
A H d’Arcambal, G Auohy, E S Ault, J 0 Ayers, G W Barr and co workers, 
R G 0 Batson, C A Bauer, 0 Benedicks and V Christianson, V Bernard, 1< Bollonrath, 
C A Bnfegs, J A Brrnell, R C Brumfield JL> K Bullous, G Cliarpy, 11 lo Chatohox and 
co workers, J Class, C J B Cooke, R H Ooolidge, I H Cowdrey, J W Craggs, A h Crisp, 
W J Crook and H S Taylor, N N Davidonkoff and G N Titoft, C 1 H Davis, 
E E Begler, G H Bernson, H 0 Dews, C DiUner, P W JDOhmer, f W Donaldson, 
F w Bussing, P Bufour, J Durand, R K Dutoher, 0 A Edwards and < o workeis, 
J V Emmons, R Esnault Peltene, G S Evans, A B Field, F Iigari, J E Ilotcher, 
A FOppl, M F Fogler and E J Qumn, A V do Forest, F E Foss and R 0 Bramfield, 
H Fowler, E Franke, 0 de Fr^mmville, H T breach and co workers, T bneaendorff, 
J B Oft, R Genders, H M German, S L Goodalo and R M Banks, S H Graf, 
r, n w D (Wet R Gmllorv L Guillet and co workers, A Haar and 
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1 von Karman, R A HadfieldandS A Mam, B P Haigh, P T Haler and A H Stuart, 
G A Hankins, F Hargrea\ es, C W Ham and T W Huekert, K Hemdlhofer, H Hencky, 
E G Herbert, W Herold, F P Hitchcock, H P Hollnagel, C W Holmes, H A Holz, 
K Honda and 00 workers, S L Hoyt, H Hubert, A Hultgren, F H Hurren, J E Hur»t, 
M Ichihara, J Innes, E Irion, K Ito, P Jannettaz L Jannm, J L Jones and 
C H Marshall, R L Jones, L Jordan, W J Keep, J 0 Keller, E J Kelley, F 0 Kelley 
O Eeune, R L Keynon, H Z Kip, H B Knowlton, F ICoerber and I B Sunonsen 
S Kokado F Krau R Kuhnel and co workers, C Kugler W Runtze, E F Lake, 

0 H Lehmann, R M Leslie, P Lieber P Ludwik, V E Lysaght, D J MacAdam, 
A MoCance R Mailander, A Mallock, R Malmstrom, F S Mapes, R Mathei, E Maurer, 
E Menzel W T Merten, A Mesnager, E Meyer, H Meyer and F Nehl G A A Middel 
beig, H Moore, R R Moore, G Moreau, H H Morgan and J R Mooney, M Mosei, 
R Mouillac, K H Muller and E Piwowarsky, P Nicolau, P Nicollet, G Nidecker, 
\ L Norbury, A L Norbury and T Samuel, A Ohnstein, J Okubo and M Hara, 

1 Y Ohen, H O’Neil, A R Page, A L Parsons, J G Pearce, S N Petrenko A Picarelli 

H R Pitt, M Plant, A Pomp, A Pomp and H Schweimtz, A Portevin A Portevm and 
H Berjot, L Prandtl, H S and J & G Primrose G W Quick and L Jordan 

E Rasch, H S Rawdon and co workers, H Redenz, P Relibmdoi A Reichelt C O Reid, 

M Retzow, L Revillon, 1< Ricolfi, F Riedel, A Ries and L Zirameimann, F Robin, 
S P Rockw ell, P le Roliand, A Rosiwal, P Rossi, P Roudie, G A Rousch, 0 C Rudolph, 
G Sachs, R Sane ery, D 4 N Sandifer, J? Sauerwald and co workers, A Sauveur, 
N N feawm and E Stachiowsky M Scliandt, J J Schneider, E Schuz, M von Schwarz, 
h Schwordt, G Sellergren, X Shaw G A Shnob, A 1 Shore,! G Slater and T H Turner 

R L Smith and G Sandland, S 0 Spalding, M Spmdel, A Stadeler, B Stoughton 

and J S McGregor, R Stnbeck, M Suzuki, K Takahasi K Tamguchi, F C Thompson, 
b S Tutton, L B Tuckerman 1 Turner, h 1 Turpin W C Unwin F Waizenegger 
L Waldo 1 Walker, A Wallichs and H Schallbroch, A Walliehs and co workers 
H I Whittemore, L W Wild, A Wildometz, S R Williams, and F Wust and 
1’ Bardenheuer 

E Meyer showed that m Brmeli’s test, if P denotes the load m kgrms , and d the 
diameter of the indentation m mm , P~ad n , where a and n are constants for a given 
matoial , 01 a may be legarded as the load required to give an indentation of 
unit diametei, and n 3 the hardenabihtv or capacity of the metal for becoming strain- 
hardened, cither by men ased indentation, or by other cold woikmg operations 
n is very ncaily 2, and the lesults aie often lepresented a=P/c£ 2 The subject was 
discussed by H Moore, H O’Neil, T Baker and T P Russell, 0 A Edwards ind 
E W Willis, J J Schneidei, A Kurth, R G C Batson, B P Haigh, etc Accord- 
ing to 0 Keune, if B denotes Brmell’s hardness of iron , Bimell’s hardness of the 
standard , 8 lt the scleroscopic hardness of the standard , and # 2 , the scleroscopic 
hardness of the specimen, then S x )B x /Sx Since the different tests 

for hardness measure different groups of properties, they might be correlated 
thiough their components — density, tenacity, etc As it is, a close agreement is not 
to be expected, although T Turner found that the results with his sclerometer, 
A F Shore’s scleroscope, and J A Brmell s penetiation test, are cither m agree 
meat with, or proportional to one anothei Thus, taking one-sixth of the value of 
J A Brmell’s numbers 



1 Turners 

A T Shores 

J A Brmell s 

Lead 

10 

10 

10 

Softest iron 

15 0 

— 

14 5 

Mild steel 

210 

22 0 

10 to 24 

Soft cast iron 

214 

24 0 

24 0 

Rail steel 

24 0 

27 0 

26 to 35 

Hard cast iron 

30 0 

40 0 

35 0 

Hard white iron 

72 0 

70 0 

75 0 

Hardened steel 

— 

95 0 

93 0 


R A Hadfield gave the comparison, shown in Table XVI, of J A Bnnell’s 
ball test, and A F Shore’s scleroscopic hardness The subject was discussed by 
T N Holden, and S N Petrenko There is some relation between hardness and 
tensile strength, as shown by R A Hadfield’s comparison, Table XVI, of the 
hardness and the compressive strength, tensile strength, and elastic limit of a great 
variety of steels R H Greaves and J A Jones measured the ratio Tensile strength 
(tons per sq m)/Bnnell’s number for over a thousand steels, and they observed 
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Katie 

lie at treated steels with Brinoll’s number 250 to 400 0 21 

Heat treated steels with Brinell’s number<250 0 215 

Medium carbon steels — rolled, normalized, or annealed 0 22 

Mild steels — rolled normalized, or annealed 0 2 1 


but no satisfactory explanation of the constancy of the xatio has been given 
W H Hatfield found that the relation between Shore’s hardness and the clastic 
limit w as not always proportional, since the cui ves sometimes c rossed R R Abbott 
gave a number of empirical factors for converting Shore’s hardness, S , mto Bnncll’s 
hardness, JB, for carbon steels 5 6S+14 , for converting Brmell’s number, B , 
mto tensile strength in lbs per sq m , T, for carbon steels, 2T~ 0 75 jB — 28 , and for 
converting Shore’s number, 6, mto tensile strength m lbs per sq m , T=4 46’— 28 
E Schuz represented the relation between Brmell’s hardness, //, and the tensile 
strength, T kgrms per sq mm , of east iron by 40), where k is a constant 

The deviations from the rule were due to the proportion of ferrite and pearlite, and 
to the size of the graphite flakes 

TABLE XVI — CojWPABISON OF HARDNESS WITH THE r I ENSILE SlRENGlH AND 

Elastic Limit of Steels 


Hardness 

! 

Tensile sire ngtli 
(tons per sq in ) 

Compression (tons per sq in ) 

Shore s 

Iirhidl s 

i 

icld point 

Maximum 

Stic 88 

* lastic limit and 

0 25 per < t nt 
compression 

( omprcssion ptr 
JLOO Ions p< r sq In 

_ 

150 

20 

*b 

17 

*9 0 

— 

175 

2b 

n 

19 

to 0 

*4 

200 

32 

4b 

21 

*5 0 

38 

225 

38 

51 

21 

uo 

42 

250 

44 

5b 

2b 

27 0 

4b 

275 

50 

01 

$0 

2*0 

50 

500 

5b 

<>b 

H 

19 0 

54 

325 

01 

71 

38 

15 2 

57 

350 

67 

7b 

13 

11 * 

01 

375 

73 

81 

49 

80 

(54 

400 

79 

8b 

55 

56 

08 

425 

84 

91 

01 

* 8 

71 

450 

90 

9b 

07 

24 

75 

475 

9b 

101 

74 

1 * 

78 

500 

102 

100 

81 

0 0 

80 

525 

i 107 

111 

87 

0 2* 

84 

550 

111 

110 

94 

0 21 

8b 

575 

— 

121 

101 

0 20 

89 

000 


120 

308 

0 18 

92 

025 


i n 

115 

0 10 

95 

050 

- 

no 

122 

on 

99 

675 

— 

141 

129 

0 1* 

101 

700 


- 

130 

0 12 

-r- 

725 

- 

- 

14* 

0 11 

-- 

750 


- 

m 

0 09 

— 

785 

- 

— 

159 

0 08 


800 

i 

■ 

" 

10b 

0 07 

i 


R R Abbott also gave foi mckeUteela, 0 71R-32 2’»3 5tf~0, mdB 5 0* } 48 
foi chromium vanadium steels, 9" =0 712? —29 , T-r 4 2£-21 , and B 5 5/V f 27 , for 
low chxomium nickel steels, 1 «0 68R-22 , IB -l , and #*»5 46 \ 33 , for high 

chromium nickel steels, T=0 71 *3 , T»3 7tf~3 , and B ~ 4 SB } 58 , and for all 
steels grouped together, T ** 0 70B-26 , 5T--4 0B - 15 , and £*» 5 &B \ 28 

J S G Primrose recalculated these xcsults , and J E Stead represented the 
relation between Brrnell s numbci, B } and tenacity by Tcnaoity (tons per sq in ) 
=i£+6, or tenacity (kgnns pei sq mm)-=f,B+ 10 J Navarro r< presented 
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the lelation between the hardness, B, and the coeff of the resistance to bending, or 
the transverse breaking stress, S kgims per sq mm , of cast iron, by 5=3 235+4:2 
T Friesendorff studied the mathematical theory of BrmelTs test The relations 
between the hardness and the other mechanical properties of iron and steel were 
discussed by T Baker and T F Russell, R Baumann, G S Bell and C H Adamson, 
G Berndt, H Bohner, H M Brayton, I H Cowdiey, H A Dickie, P W Dohmei, 

P Goerens, R H Greaves, R H Greaves and J A Jones, H Hencky, K Honda 
andK Takahasi, F Hugueny, E J Jamtzky, H von Juptner, F Kick, B Knsch, 
A Kurth A Leon, E Meyer, W Muller, A L Noibury and T Samuel, J Okubo, 
H O’Neil, V Poschl, A Poitevm, F Reiser, T F Russell, F Sauerwald and 
K Knehans, F Saueiwald and H Viessen, E Schuz, 0 Schwarz, W K Shepard 
and C T Poitei A F Shore, T Swmden and G R Bolsover, J J Thomas, A Vieren- 
deel, F WustandP Baidenheuer B D Saklatwalla and H T Chandlei applied the 
probability law of the frequency of enois to the choice of the results of BrmelTs test 
F Aueibach, in applying H Hertz’s method of measuring absolute hardness 
— 2 20, 7 — showed that hardness and elasticity are associated quantities m 
that vanations of the one are attended by corresponding variations of the other 
independent of the body operated upon His method of calculation is based on 
the assumption that when the total piessure between a sphere and a plane of a given 
body is mcieased up to the elastic limit, the time of yielding is sharply marked either 
by a peimanent set, oi by rupture at the area of contact, and the hardness is then 
determined by the total pressure and the diametei of the impressed area for the time 
m question The electrical resistance and haidness also appear to be related m 
some way, because when one increases, the othei also increases As the temp falls, 
the electrical resistance also falls, but usually the hardness is considered to increase 
as the temp falls C Barus and V Strouhal, and 0 A Casperson, indeed, estimated 
the hardness from the electrical resistance of steels (q v ), and K Hemdlhofer, from 
the magnetic hardness (q v ) 

H O’Neil found that the scratching hardness of single crystals of iron is greatest 
m a direction parallel to the lobes of the pressure figures , and the hardness 
is greatest m a direction at right angles to that of the 
elongation due to cold work In aggregates of crystals, 

"the hardness becomes greater m the region of the boun- 
daries of the crystal grains , and in cold- worked metals, 
etch bands are also super-hardened H Gnes and 
H Essei also measured the hardness of single ciystals of 
iron W R D Jones and K G Lewis, W Schwinmng 
and E Strobel, E Greulich, and F Sauerwald and co 
workers discussed the hardness induced by the cold woik, 
or cold-deformation — % e work-hardening Hot defor- 
mation does not have a hardening effect in the same 
sense, but it causes the metal to recrystallize M Mikhai- 
loff and I Churbanofl studied the hardness of iron 
bioken by tension B Stoughton’s xesults for the scleroscopio hardness of cold- 
rolled, electrolytic iron are shown m Fig 189 , the hardness increases up to a 
constant value with an increase m the woik perfoimed on the lion The subjtct 
was discussed by R Jonson, M Guiehard and co workeis, and B Gane 

G P Fullei gave 11 to 16 foi the scleioscopic hardness of 99 965 per cent 
ekctiolytic iron annealed to remove hydiogen T D Yenscn found Brmells 
hardness of electiolytic iron, melted m vacuo, to be 60 to 70 D J MacNaughtan 
showed that the hardness of eiectro deposited iron is dependent to some extent on 
the conditions of deposition Thus, with the pH- value for the H ion concentration 
4 5 to 4 2, the Brmell’s hardness varied from 167 to 195 , with pH=3 6 to 3 8, 
225 to 244 , and for pH=3 3 to 3 5, 256 to 281 Again, with current densities of 
5, 10, 15, and 20 amps per sq ft , the BrmelTs hardnesses of the deposits were 
respectively 182, 229, 283, and 354 A rise m temp tends to soften the deposits 



Bercentage reduction by rolling 


Iig 189 — The Sclero 
scopic Hardness of Cold 
.Rolled lion 
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The baldness of electro deposited iron was attributed to the dissolved hjdrogtn 
as such) or as hydride, by L Cailletet, H Lee, J Cournot, A J Allmand, H 0 Neil, 
and N B Pillmg D J MacNaughtan suggested the proportion of hydrogen m 
solid soln is insufficient to explain the high hardness attanu d , he also thought that 
the assumption that the deposit is largely amorphous iron is not a likely < xplanation , 
nor does he favour the assumption that the crystal lattice is distorted by the 
electrical forces acting during the deposition produt mg a hardening effect 
analogous to that of cold-work The finegrained character of the (rystallme 
structure, due in part to the action of hydrogen m interfei ing with c rystallme growth, 
may be a partial explanation of the phenomenon E »J Mills found that the elec tro 

deposited non, cobalt, and nickel are m a 
condition of tensile stress, whilst with cad 
mium and zinc, the stress is tompressive 
G G Stoney, W KohlschUtter and JfC Vuil- 
lemmei, and R H D Barklie and II J Davis 
made observations on the subject —mde 
supra, theories of hardness, and vide infra, 
electrostnction 
cold-work, etc , 

Naughtan and 
wards and K 
F Rakoskv, M 
R H Greaves, 



Iig 190 — Brmell’s Hardness of Steel 
after being Strained at Different 
lemperatures 


The hardness produced by 
was discussed by I) J Mac 
A W Hothersall, 0 A Ed 
Kuwada, F Sauerwald and 
Guichard and co workers, 
R Hay and R Higgins, 


E G Herbert, P Nrcolau, E A Ollard, 
W P Sykes and A C Ellsworth, and 
G Tammann A Sauveur and D C Lee gave the results summarized m Fig 190 
For J H Andrew and A J K Honeyman’s observations, mde supra, sp gr , 
and for those of C Nusbaum and W L Cheney on the effect of different rates 
of cooling eutectoid carbon steels, vide Table XVI, magnetism 

The haidness of steel and cast iron is laigcly determined by the condition of the 
c aibon As shown by Gr Neumann, the hardness of grey cast iron is more sensitive 
to the giound mass than to the foim of the graphite than is the case with t he t< nsile 
and bending tests The subject was studied by T Klmgenstem The maximum 
hardness of cast iron occurs when all the carbon is in the combined state , and also 
by the particular constituent which predominates m the metal This is largely 
determined by the heat treatment to which the metal has been subjected The 
exterior of a casting, for instance, is usually harder than the interior This is due to 
the chilling of the metal which comes m contact with the mould For the increase 
m hardness accompanying the change of austenite into martensite, and the decrease 
m hardness as the martensite passes mto troostitc 01 peaihte, mde supra, martensite , 
and the hardening and tempering of steel 

The different constituents of steel have their own specific hardness, and 
H C Boynton gave the following relative numbers for JBrmelPs haidness 


Ferrite 

Pe&rlite 

Sorbite 

Troostate 

Martensite 

Austenite 

Oementite 


Electrolytic iron 
f Electrolytic iron quenched 
\ Wrought iron 

f Steel with 0 13 to 1 52 per cent 0 
\ Steel with 0 35 to 0 86 per cent 0 
Steel with 0 48 to 0 58 per cent C 
Steel with 0 58 per cent C 
Steel with 0 20 to 1 52 per cent C 
White cast iron with 3 24 per cent, C 
Grey cast iron with 3 24 per cent 0 


1 

2 15 

1 5 to ) G 
1 8 to 10 3 

3 8 to 4 2 
5 2 to 53 6 
88 2 

-38 9 to 261 6 
103 4 
272 8 


wooa6um*8i ^ scleromcter haidness (calute, 158 , quaitz, 45,103 , 


460 


Peailrte 

2000 


Sorbite 

2400 to 24,000 


Iroostito 

40,500 


Aiwtcnito 

48,000 


Marienaiio 

110,000 


Ct muitite 
125,000 
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J A Brmell found the hardness of Swedish pale grey east iron to be 179 , white 
cast iron, 460 , and mottled cast iron m the grey part, 202, and m the white part, 
375 He also found the hardness of Swedish steel with 

Carbon 01 02 03 04 05 06 07 per cent 

Hardness 97 107 145 156 185 2 15 232 

P Oberhoffer’s results for the influence of carbon on the hardness of steel are sum- 
marized m Fig 191 A Wall] berg’s results are similar, and include those repre- 
sented by the dotted line E Schuz found that the relation between Brinell’s 
hardness and the percentage of combined carbon follows almost a linear law 
The results were very little affected bj the size of the graphite plates M Levm 
and K Dornhecker, P Saldau, and I G* Slater and T H Turner also obtained 
analogous results F Feitweis observed singular points m the hardness of iron at 
about 600° 

K Tamaiu gave 40 for Brinell’s hardness of normalized aimco iron , 155 for 
austenite , 225 for noimalized 0 9 pei cent carbon steel , 270 for strained sorbite 
in 0 9 per cent carbon steel , 400 for strained troostite m 0 9 per cent carbon steel , 
720 for martensite , 820 for strained cementite, and 640 for natural cementite 
According to C Grard, the hardness of troostite is about 400, and that of sorbite, 
270 — both are subjected to an internal strain A Portevm estimated the BrinelFs 
hardness of cementite to be 400 , and K Tamara gave the results indicated 



cent carbon 




0 20 40 60 80 100 
/hr cent martens/ te 


Fig 191 — The Effect of 
Carbon on the Hard 
ness of Steel 


Fig 192 — The Hard 
ness of Cementite 


Fig 193 — The Effect 
of Martensite on 
the Hardness of 
Austenite 


in Fig 192, where the unannealed sample is under strain, and amounts to 820 on 
Brmeirs scale , while annealed, or the so-called natural hardness, amounts to 64 on 
Rockwell’s scale, or 640 on Brinell’s scale N T Belaicw found that if A Q denotes 
the distance m microns, /*, pearlite lamellae — 12 66, 15 — the Brinell’s haidness, 
if, can be represented by J 0 If =80 Hence, for lamellae with A 0 ^=0 2Sfi, if =.280 
approximately 

K Tamara found that the hardness of austenite in quenched caibon steels 
depends on the proportion of contained martensite, as indicated m Fig 193 A 
similar maximum at about 600° to 630° was observed m the austenite of man 
ganese and nickel steels The change in hardness which attends the transformation 
of austenite to martensite was discussed by L Demozay, W P Sykes and Z Jeffries, 
etc — vide sujna F Koerber observed a maximum at 600° m the impact haidness 
The observations of R A HadfieldandJ Hopkmson, J 0 Arnold and A A Read, 
and E E McKee show that there is a separation of carbides in annealing these steels, 
but K Tamara attributed the maximum to the blue shortness of steel — vide tnfia, 
tensile strength— which, according to K Honda, is due to the cold- work undergone 
by the steel during the application of the load The plastic defoimation due 
to cold work always lags behind the applied load, and this lag diminishes with use 
of temp Consequently, as the velocity of loading increases, the maximum harden- 
ing is displaced towards a higher temp F Wust and E Leuenberger, W Koster, 
O Remhold, E L Dupuy, H J French, Z Jeffries, T Matsushita and K Nagasawa, 
K Honda, and T Inokuty observed a maximum at 200° to 300° m the statical 
test, and F Fettweis found that the maximum is displaced to a highei temp as the 
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velocity of loading is increased The deceasing hardness with inn easing carbon 
of austenitic manganese steel is attributed to the present of martensite which 
increases with decreasing proportions of carbon and manganese Tin gene ral h suits 
show that Brinell’s hardness of austenite is 155 in tarbon steels it room temp 
A Sauveurgavel75tol80, andR A Hadfiold and J Hopkmson, 2(H) K Tamaru 
found that Brinell’s hardness of martensite m a 1 69 per cent carbon ste< 1, qu< nthed 
from 1120 o -1130°, is 720 The hardness of the inner portion of a piece of steel 
quenched in water, and also after immersion m liquid air The hardness increases 
with carbon content up to 0 8 per cent , and then gradually decreases , Itelow 0 7 per 
cent of carbon, the outer portion is harder since, owing to the low proportion of 
carbon, the martensite is well developed , and above 0 8 per cent of cat hem, the 
outer portion is softer because, in virtue of the high eaibon content, moio austenite 
is formed than m the centre The decrease in hardness with steel with over 0 8 per 
cent of carbon is due to the increasing proportion of retained austenite A Wahl 
berg observed that the hardness gave 652 for the maximum hardness of a quenched 
0 65 per cent carbon steel Observations were made by E Maurer A Katto 
measured the effect of repeated quenching on the hardness of steel WE Chapin, 
C R Hayward, T Ease, 8 Idei, and K Honda and S Idei studied the distribution 
of the hardness in quenched carbon steel, and M A Ammon, and G Uharpy and 
L Grenet, the relation of hardness to the depth of carburization of case and hardened 
steels 0 Y Clayton, F J Walls and A Hartwell, 0 A Edwards and E Euwada, 
and 0 Bauer and W Schneider found that Brinell’s hardness of electrolytic 
iron is not affected by quenching from 650° to 1258° in iced water, although 
H 0 Boynton said that there is a 100 per cent increase m the scratching 
hardness 

The effect of heat treatment determines to some extent the nature of the 
dominant constituents of the metal, and these, as just shown, are in a large measure 
responsible for variations m the hardness of the carbon-iron alloys J A Brine II 
employed a steel with about 0 01 per cent of sulphur and 0 026 per cent of phos- 
phorus, as well as the proportions of carbon, silicon, and manganese shown in 
Table XVII, and obtained the values for Brmells haidness shown m the same 
Table XVII, for steel when subjected to different heat treatments The efh>( t of 
the haidening temp on some steels is indicated m Table XVII 


Table XVII— The Effect of Heat Tr* aimlni on rm Hardness on Sim 


Percentage composition 


Hardening temp 

1 0 10 per cent 

® ” 

0 66 „ 

0 70 „ 


Carbon 

Silicon 

Mangancso 

Dm ( t from 
rolling mill 

( oolt cl m 
charcoal from 
dull redness 

0 10 

0 007 

0 10 

109 

97 

0 20 

0 018 

040 

126 

115 

0 25 

0 30 

0 41 

161 

147 

0 35 

0 26 

0 49 

172 

156 

0 45 

0 27 

0 45 

204 

194 

0 65 

0 27 

0 49 

228 

202 

0 66 

0 33 

0 18 

255 

235 

0 78 

0 37 

0 20 

273 

231 

0 92 

0 28 

0 25 

289 

258 

1 25 

0 60 

0 20 

302 

262 


Bn noil s hardness 


( ool< <1 In 
< lmrooal from 
a whlti h<at 


04 

109 

112 

138 

151 

159 

170 

170 

189 

212 


Quenched 
, from rod h<at 
in water at 20° 


149 

196 

U1 

402 

555 

652 

578 

652 

627 

627 


690° 

750° 

1000° 

134 

163 

137 

235 

460 

430 

223 

387 

387 

241 

744 

744 
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J A Jones found that when an annealed bar of armco iron containing 0 05 
per cent of carbon, is reheated to 600° for an hour, the Brmeirs hardness with 
a 10 mm ball of 1000 kgrms , after various rates of cooling, 8 slow cooling, 75 , 
air cooled, 87 , quenched m water and tested after 10 min , 96, l|hrs,100, 7 days, 
107 , 28 days, 120 , and 63 days, 136 , quenched m water and aged for 50 days, 130 , 
and then reheated to 100° for an hour, 116, or to 200° for one hour, 100 
M Sauvageot and H Delmas studied the hardness of steels quenched from a high 
temp , and L Grenet, the hardness of tempered steels T Turner gave for 
the percentage loss of quenching hardness for steel with nearly 0 9 pei cent of 
carbon when the steel was quenched at different temp , and the hardness measured 
m different ways 


Percentage loss 

ICO 

200 

300 

400 

500 

600 

BnnelTs hardness 

— 

13 

38 

68 

94 

100 

Martens „ 

25 

14 0 

410 

70 6 

87 5 

95 7 

Jaggar s 

1 8 

54 

91 

23 6 

64 0 

94 5 

Shore’s „ 

3 7 

27 

11 1 

33 0 

92 5 

100 


E Heyn and O Bauer measured the effect of tempering on the scratching haid- 
ness of a 0 95 per cent carbon steel, quenched from 900° R Hay and R Higgins 
found that if H 0 denotes the hardness of martensitic steel, and H the hardness on 
tempering at 0°, then H=H 0 e~ a &, where a is a constant A Martens obtained a 
hardness of 277 on a special scale foi forged steel with 0 95 per cent of carbon, this 
rose to 2775 when the steel was heated to 900° and quenched in water, and on 
tempermg the hardness fell m the following way 

100° 200 275° 400° 500° 700 

Hardness 2775 2285 1060 505 446 277 

The hardness of 0 89 per cent carbon steel quenched from 850° m watei, and then 
tempered for an hour at various temp is indicated m Fig 1 94 — vide supra temper- 
ing The hardness of a sample tempered at 112° is greatei 
than that of the quenched steels, but as the tempermg 
temp rises still farther, the hardness decreases The 
abnormal change at 150° to 200° corresponds with a marten- 
site, that at 350° to 400°, with /?-martensitfc , and that 
at 430° to 450°, with the re crystallization of the steel 
C Grard found an increase at 100° Above 450°, the in- 
ternal stress is removed, and the gram size increases, and 
the hardness decreases by tempering — mde supra, tempering 

C Barus, and L C Brant found that hard steel became 
appreciably softer when kept under ordmaiy conditions 
for thirty years , and C Barus added that if glass-hard 
steel tools had been presex ved from the beginning of the Christian era they would 
now be soft as to need re-tempering to be efficient This statement has pro- 
bably given rise to the impression that hard and tempered steel will not retain its 
qualities, and that hard steel is m a metastable state which is afterwards more or 
less alleviated by tempermg The observations of H C H Carpenter and 
J M Robertson on the hardened and tempered steels of ancient Egypt show that 
both hardened and tempered steels can retain their mechanical properties and hard 
ness for many thousands of years 

L Guillet and J Cournot showed that there is an increase in hardness as the 
temp falls, and that there is a fairly large increase m passing from —80° to —190° 
The fall m the resilience as the temp drops is greatei the higher the proportion of 
contained ferrite Austenite, containing enough nickel, does not show fragility 
at low temp , but pearlitic steels, containing nickel, are fragile m liquid air, but the 
nickel retards the lowering of the fragility with a decrease m temp P Dejean 
discussed the effect of compression on the resilience or elastic properties of steel 
The effect of ageing on the tensile properties of mild steel was discussed by G Masmg 
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I 1 IG 194 — The Effect 
of Tempermg on the 
Brinell’s Hardness of 
Iron 
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and L Koch, G Taimnann and V Caghoti, G Masmg, R S Dean and eo workers 
E Heyn, and W Koster—w&? tnfia, the tensile sticngth of iron L B Viei 
found that work hardened metals are liable to increase m hardness as a lesult oi 

JP^C Thompson examined the effect of gram sue on the hardness of Swedish 
iron and found that the Brinell’s haidness could be increased about 50 per cent by 
giam refinement H Hanemann and R Hm/mann found only slight differences in 
the hardness of steel with gram sizes langing from 90 to 20,000^ 2 A Pomp’ 4 - 
data for soft iron with 0 08 pei cent of c uhon gav< an increase of J 5 pci < enl n ith 
gram refinement He observed that 

Giamsoersq mm 68 827 12S0 2il0 S0/0 

Bimell s haulness S3 87 SO % U r > 

W A Wood llso found that Bnnell s haidness 11 , increases as tlie giain size, 
6’XlO" 0 cm dnmetei deei eases 

Q y 10® 28 9 8 3 3 9 3 0 2 (5 19 1 r > 11 

H 200 300 31 * 320 33* 161 404 495 



Fig 195 — The Effect of Annealing, 142 on Brmell’s scale The results with a 
tx^L GTam . s i? e , on the Brmells 0 97 carbon steel are summarized m Fig 195 
Hardness of bteei L B Pfeil concluded that neither the gram 

size nor, m the case of single crystals, the crystallographic face of the indented 
plane had any perceptible influence on its Brinell’s haidness, although F Osmond 
and G Cartaud had previously reported that the octahedral face has a Brmell’s 
hardness greater than is the case with the cubic face, and the hardness of the 
(011) face is intermediate between the two H O’Neil found that the Brmell’s 
hardness of normalized annco iron is lowered considerably by annealing m 
vacuo, Brmeli’s hardness is also independent of the gram size, and different 
feces of single crystals have the same hardness as aggregates, but the scratch- 
hardness m different directions on the crystal faces is different The strain 
hardening of vacuum hardened, decarbunzed iron shown by the scratch-tests, 
indicated that the strain-hardening increased somewhat as the temp is raised 
from —185° to +100°, and similarly also for cold rolled iron The results 
from 100° to 130° are variable There is a small increase in the scratch-hardness 
of femte at 120° , but the effect vith single crystals is small although there are 
indications of an inflection between 110° and 125° The subject was discussed by 
8 VBeiynsky 

The hardness of cold-drawn steel and iron is greater than that of the annealed 
mafeneb and the term <c hard drawn ” has long been applied to unannealed wire 
P Ooerens found the Brmell’s and the Shore’s hardness of wrought iron with Oil 
JW£ cent of carbon to be 
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T Ishigaki measured the Rockwell baldness of steel before and \ftei ll had been 
subjected to col cl- work by tensile straining, and found 

Caibon 0 1 0 3 0 3 0 7 0 0 11 pei < ent 

Before cold w ork 65 0 78 0 00 0 05 0 00 0 07 0 

Aitei (old woik 712 0*1 1 05 0 101 5 100 2 100 7 

Hence, the hardening effect increases as the piopoition of caibon mci eases, and it 
attains a maximum with eutectoidal steel The subject was discussed by 
W P Sykes and A 0 Ellsworth, and W Broniewsky and J Krol M Hamiot 
observed that metals are hardened by hydrostatic press , and T Ishigaki obtained 
for armco iron, subjected to a compression of p kgrms per sq cm , the Rockwell 
hardness 

P 0 2800 5200 7320 12,400 16,500 

Hardness 40 0 48 0 53 2 56 6 59 0 59 4 

The change m the hardness produced by tempering is illustrated by Pig 196 
Assuming that the hardness produced by cold-workmg depends on internal stress, 
the latter cannot be increased beyond the yield-pomt, 
and consequently the hardness will attain asymptotic- 
ally a certain maximum value Thus, the hardness of 
iron increases rapidly at first, but then gradually tends 
towards an asymptotic value The effect of tempering 
work-hardened armco iron, between 250° and 350°, is 
to increase slightly the hardness as shown m Pig 196, 
and then to decrease somewhat rapidly towards about 
470° A slight hardening occurs m the range 470° to 
570°, and the hardness then falls suddenly near 600° 

The second hardness is attributed to the development 
of crystal nuclei occurring immediately before the re- 
crystallization of cold-worked metals sets m The 
sudden softening about 600° is supposed to be due to 
the release of internal strains attending re crystalliza- 
tion The slight hardening of iron and steel between 
250° and 350° is explained thus 

T . _ _ _ _ , 1<io 196 — Hardness of 

In a severely cold worked metal some internal stiam re Uempered I ion and Steel 

mams after an applied stress has been released, and thus the 

metal is considerably hardened, that is, its resistance to slip is greatly increased by* the 
cold working , but at the same time, it is m a somewhat unstable condition Consequently, 
by tempering between 250° and 350°, which results in a violent thermal motion ot the 
atoms some portions of the internal strain are released at the point of its greatest 
instability, most of the strain remaining unaffected Thus the metal becomes a little 
stable or becomes more resistant to slip , that is, the hardness is increased by temper 
mg The slight hardening in a range between 250° and 350° is probably explained m the 
same way as above the only difference being that m the present case, the icleaso of tlio 
greatest instability takes place during the stretching at these high temp 

According to R A Hadfield, a specimen of steel with 0 045 pei cent carbon had 
a Brmeirs hardness of 90 when tested at ordinary temp , but when tested at - 182°, 
its hardness was 266, that is, about equal to that of a 0 8 carbon steel at normal 
temp P Robin found that the hardness cuives of carbon steels show a minimum 
at about 100°, and a maximum at about 250° , and that these points coincide with 





26 


INORGANIC ANT) THEORETICAL (TIEMIBTR\ 


the minimum and maximum resistance to U nsile strew Tin maximum hardness 
is followed by a marked and regular fall only m the cane of hard sti olh xv ith soft 
steels, there is a downward peak, and the hardness falls iapidlv only it about 400° 
to 450° Similar effects arc encountond m connection with the female Ntiengtk 
The presence of phosphorus lowers the vernations m the ( une, for with 1 pe r <ent 
of that element, the curve is almost constant at 21 r >° up to 100 * nfte r w !m h it falls 
to about 130° at 600° Abrupt vanations in hardness, resistance to tensile Htress 
and ciushmg, occur only m the case of a non Austenitic steeds with a mm, give 
regular and continuous curves like copper and nickel Observations were made 
by J Vietonsz, G Delbart, F 0 Lea, 0 W McMullen, A K Page, If K Publow, 
and H J Tapsell and W J Olenshaw The u'd hardntss or hot haubu vs of alloy 
steels was studied by E G Herbert, and V Bauerwald and co workers 

According to H M Howe, M Rudeloff, and V Bach, the renmt hum of cast iron 
to tensile stresses does not alter up to 300°, but fiom 300 to 400 , the resistance 
decreases, and A Kurth showed that the hardness dinmnshcs slowly with a nse 
of temp , then rises a little between 200° and 300°, and ult imat e 1 y falls i a pidly above 
300° The tenacity of hard cast iron falls suddenly above 400’, while that of 
annealed castings falls slowly F Rohm made observations on cast irons 
W Melle, J B Kommers, R Hugues, P Goerens and II Jungbluth, < t< , di& 
cussed the hardness of cast iron , and II A 8c hwart/, that of malleable iron 
K Ito found BrmelFs hardness, //, of cast iron at difleieut temp to lie 

-40 -24 0 ° 10° IV* SO* 75 Ul>* HO' 160° 

s 159 5 158 0 154 6 150 6 148 2 UO 1 U01 112 2 112 2 1J9 2 

and he represented the relation between hardness and temp , 0, by log //» log H 

—a(^ 2 “^i) 7 where a=0 00030 is the inclination of the straight hue , tho temp coeff 

of Brmell s hardness F or rolled steel with 0 1 pel cent of carbon 

» ~ 21 „ °° 20 ° i0 ° f,fl ° 75“ 115 litll 118 

a 1X45 1132 1132 111 8 100 2 1092 1084 107 2 101(1 101(1 

carbon l0g ^ 1== ° m20 (^~^) Voi rolled stool with 0 7 pu cent of 


H 



Son 108 Hl ^° 00025 ^-^ ^ rolled stool with IB por cont of 


tt n - v * iv- ay 55 ° 75' oy t in » 117# 

302 0 293 5 285 8 283 0 274 t 274 4 207 1 2(11 8 259 8 255 5 

00040(02— 0i) The hardness thus me reason < onsiderably 
casts™™, T ^ iar , d f 8S fdtemp coeff of rolled steel aiogioator than 
T on Xoln J he f betWe ? tbe 00611 of hardness, «. and the m p 
7(a+0 0001451=2 5 tw!’« ° f ? n «™boi of metals oan he represented by 
coefi of Yo ung ’s modn^ 8 18 cf v° f - Mallock’s relation between tho temp 
tomon modS a relatlon the lemp coeff of the 

hardness of steel b studied the effect of electromagnetic waves on the 

the m^^amst ^brasrfe 8 ™!^!^ 6 ^ ardness * 01 abrasive wear of stools by rubbing 
a given far™, and the^oss ™ s ^- e<i ’ 1 undor a definite pressure, for 

not wear inversely -DTonm+mnoif **+ w ®?®bt He observed that carbon steels do 
anuCLTStirw B fj t0 tb6U P ercenta 8 e of carbon They show 
drafted and fine-grained metals offer SL^? 61 &t 0 4 P er cent of oarbon 
the resistance towear Smal l ^J^ Stte ? stance Phosphorus greatly increases 
roastaflee to wear in the case of carbon ,^1°* ^ ar £ ane8e and siheon dimmish the 
® regard to lnbncated wear on a. nnifif 6 ] 8 ’ wl ™i is the opposite to what is found 
to wear rf ,t o^S^hom ? SUlface Oast iron is more resistant 
p ^ 8pi0m or 18 composed largely of oementite, Its 
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wear on abrasive paper reveals the peculiarity of being very high to commence 
with and subsequently falling to a very low value Basic pig-iron and chilled cast- 
ings offer the highest amount of resistance, although this does not apply to their 
penetrative haidness Quenched and annealed steels (martensite, osmondite, and 
sorbite) possess a very high degree of resistance to wear m the vicinity of the 
eutectoid This resistance does not increase with higher percentages of carbon 
Austentite is specially resistant to wear With a relatively low penetration 
hardness, the wear is comparatively inconsiderable The austenitic alloy steels 
especially reveal this property Steels containing nickel and manganese m high 
percentages are exceedingly resistant Manganese steel offers a high degree of 
resistance which vanes with the speed and with the pressure of the test Pearhtic 
chromium steels similarly wear but little, particularly m the case of annealed 
steels Annealed steels containing a double carbide wear with the greatest ease, 
and pearhtic steels contaimng tungsten and molybdenum show the same propeity 
Vanadium considerably improves the resistance of steels to wear with emery-paper 

The subject was discussed by C B Dudley, J E Howard, S J Rosenberg, and 
A Stadeler The abrasive hardness was discussed by A L Boegehold, A M Cox, 
L Guillet G A Hankins R Honda and R Yamada, L Oanmn, H M Kerscht, T Rhngen 
stem, G L Norris, W H Phillips, F Robin, S J Rosenberg, S Saito E H Samter and 
M Suzuki , and the endurance of rail steels, etc , m service, and the wearing qualities of 
iron and steel by J M Blake, J A Brmell, A Capron, N N Davidenkoff, T G Digges, 
A Dormus, J R Freeman and co workers, C Fremont H J French, H J French and 
H K Herschman, H Inedrich, M Fuchsel, A Hasch, F Heimes and E Piwowarsky, 
F P Hitchcock L Jannrn, L Jordan, J F Kayser, R Kuhnel O H Lehmann 
L Lubimoff P Lucehmi and M Ros, M Marqueyrol and M Merklen, P Mast, H Meyer 
and F Nehl F K Neath, W H Parker E Piwowarsky, G Ranque, C O Reid, 
S J Rosenberg and co workers, J Seigle, R Spazier, M Spmdel, A Stadeler, H W Swift 
L 1 hibaudier and H Viteaux, A A Timmins, and A K Zaitzeff M Fmh discussed the 
wear of steel rails as a result of oxidation associated with sliding friction T O Arnold, 
F >£r Coker and K C Chakko, R E Crompton, C Fremont, H J I? rench and T G Digges, 
H Friedrich, E G Herbert, K Honda and K Takahasi, J E Hurst, A 1 Langhammer, 
W J Merten M Okoclu and M Okosbi W H Phillips, R Poliakoff, H Pommerenke 
and R Dewert W Ripper and G W Bailey W Rosenham and A C Stuiney, 
H D Smith and I Hey T E Stanton, T E Stanton and R G C Batson, P G Digges, 
and P V Vernon discussed the cutting properties of tool steels and the cube law of cutting 
speed as used to develop the heat theory of durability , and A Ressner, the drilling test 

I Traube 6 represented the internal pressure of solid iron by 239,000 megabais 
F C Thompson gave 323,900 for annealed, normalized, and quenched and tempered 
iron R von Dallwitz- Wegner calculated 336,837 atm for the internal press of 
wrought iron S Sekito calculated 192 kgrms per sq mm for the value of the 
internal stress, and this is the same order of magnitude as the tensile strength 
T W Richards gave 587 kilomegabars Observations on the subject were made by 
J H Hildebrand and co workers — vide supra, for internal strains and stresses 
R F Mehl gave 587 kilomegabars for the internal press and for the maximum 
disruptive internal press 1884 kgrms per sq mm R von Dali witz- Wegner gave 
336,837 atm for the internal cohesion at 0°, and 309,881 atm at 100° 

G Quincke gave 949 7 to 997 dynes per cm for the surface tension of molten 
iron, and 25 8 to 27 1 sq mm for a 2 , the specific cohesion F C Thompson gave 
1350 dynes per cm for the surface tension between tempered iron and cementite 
W Krause and F Sauerwald measured the surface tension and sp cohesion of grey 
cast iron 
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0- l)rith and F Sauerwald obtained foi cast non at 1207'' 1277" 13 10", and 
1318°, respectively, the surface tensions a 036, 038, 017, and OJi dyms p< i an , 

and the hji gr 6 81, 0 80, 6 75, and 6 74 The 
surface tension forces between the crystal grams of 
a metal were discussed by G T Beilby, F h Brady, 
M Bnllouin, P Curie, C II JDeseh, G Quincke, 
G Tammann, and F C Thompson , and F 0 
Thompson attempted to correlate these forces with 
other properties of the metals, piutu ularly the 
elastic limit M Bom and O F Bollnow estimated 
the cohesive foiee of the atoms on the lattice to be 
0 25x10' i dynes pel sej cm W B llaiel’v elis 

cussed the range of cohesion at the smface of iron 
and steel F Saucivuld anel E Janie hen found 
that the force of adhesion of compressed mm ponder 
increased with temp, but at high temp a dee lease 
occuts owing to crystallisation The tensile stic ngth 
depends on the degiee of compression anel the gram- 
„ x , si7o of the powder The diffusion of the different 

Cast Iro J mth^erent el « ment8 . “ iron « diseuRsed in connection with 
Proportions of Carbon alloys of the respective elements and iron, anel m 

connection with cementation, M Ballay studied 
the Ludwig-Soret phenomenon m liquid and solid alloys 

K Honda and S Konno found the coeff of normal viscosity, at 20°, of steel with 
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and K Iokibe and S Sakai gave for iron, and iron carbon alloys 

Carbon — 0 66 0 90 

VXlO- 8 12 89 12 90 7 70 

Observations were also made by O Boudouard, P Chevonard,N NT Feigm, 0 Hobs, 
J E Hurst, C Johns, J J Porter, M Riddell, D Saito and K Hayaahi, and 
A Wimmer , while H Thielmann and A Wimmei measured the influence of temp 
on the viscosity of cast iron, Fig 197 B Gutenberg and H Schlechtweg gave 
1 4x 10 8 c g s units for the mnei friction of non Taking the fluidity of aluminium 
at about 800° as unity, D Saito and K Hayashi said that the fluidity of crucible 
steel at about 1600° is 46 G Subrahmamam gave 14 X 10« for iron, and K Iokibe 
and S Sakai, 13x10 *~wde wfia, plastic flow A h Kimball and I) M Lovell 
gave 416X10 16 cgs units for the internal fnction of annealed Swedish iron, 
and 2 33 X 10 15 cgs units for cold rolled mild stool 

The internal or molecular fnction of a solid is measured m t< rms of the diminution 
m amplitude, or rather the logarithmic decrement of the amplitude*, calculated for 
conditions where the friction of air is eliminated, when a metal wire, suitably 
loaded and supported is set m torsional oscillation, when the amplitudes of the 
vibration decrease more or less gradually until finally rest ensues With small 
aeformatons, H Tomlinson observed that the logarithmic decrement is independent 
of the amplitude, and independent of the vibration of the period when the wire has 
been allowed to rest for a considerable time after any change has been made m the 
arrangements, and when a large number of oscillations have been executed previous 
to the testing H Tomlinson said that the internal friction cannot resemble fluid 
fnction because, for such velocities as are here employed, the internal friction of 
thuds is proportional to the velocity, nor can it resemble the extent friction of 
solids because the latter is not nearly so mdependent of the velocity as is the internal 
SrSL”®* wo ^ d tie logarxthrac decrement be mdependent of the amplitude 
The term viscosity applied by W Thomson (Lord Kelvm) to what is heie (ailed 
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internal friction is rathei mctaphonc xl It is tiue that a substance which is 
infinitely viscous is a solid, for the component parts are held so tenaciously as to 
prevent permanent deformation , but, as emphasized by C Baius, the impression 
conveyed m speaking of a vay “ viscous body ’ and of a “ solid body ” are very 
different The conception of the viscosity of liquids, as well as the hypothetical 
proportionality between fuctional usistance md velocity, was introduced by Isaac 
Newton m his Philosophic nalmalus pnncipm malhematica (London, 2 9, 1687) 

He said icsi^tentiaqucp ontw exdejetiu lubnutahs The theory of the “ viscosity ” 
of solids was discussed by F Aueibach, W Hallock, A L Kimball and D B Lovell, 

E M Horsbuigh, E H Canfield, F Braun, E Cohn, J A Ewmg, J Hopkmson, 

F Kohliausch, F Neestn, M Bnllouin W Thomson (Lord Kelvin), E Warburg, 

W Weber, E Clausius, 0 E Mcjcj, J V Maxwell, L Boltzmann, T Nissen, 

E Butcher, and J JPcinct 

(j Bams found that the viscosity of solid steel decuases as the hardness of the 
metal mtieasch , or the internal oi moleculai faction of steel is greater m pro- 
portion as the metal is softn, and he said, in lllustiation, that as regards hardness 
and viscosity, ha id steel may be compared with sealing wax, and soft steel with 
tallow 0 JBartiN said that the lelationship between viscosity and hardness is as 
follows 

Suppose a siicss to ho distubuted m u wolid that its application at any interface is 
nowhere sufficient to pioduc o rupture Then that property of a solid m virtue of which it 
resists very Hmall tore oh (zoio forces) acting thiough vei> great intervals of time (oo times) 
may be termed the viscosity of the solid r Jhat property m virtue of which it resists 
the action of very large forces (oo lore es relatively) acting through zero time may be termed 
the hardness oi the solid binco the application oi iorces m such a way as accurately to 
meet either of these cases is rare, wo have m most piactical instances mixtures of viscous 
resistance and hardness to encounter We may reasonably conceive that in the oase of 
■viscous motion the molecules slide into each other or even partially through each other by 
interchange of atoms, so that < ho mole c ular configuration is being continually rec onstructed , 
that m the other case (hardness) the molecules are urged over and across each other and 
t hat t here fore t her mtonsitv of c ohe sion is in thiH c aso more or less thoroughly impaired In 
most cases of sc rate lung the a< tion rs indoc d ac c ompamod by physical discontinuity of the 
paits tangentially strained r J Ire inter ponot ration ol the molecules of a viscous substance 
is necessarily favoured by tcmpoiatuie 

0 E Guye and IS Mints found that the internal friction of steel increases 
up to about 100°, then falls, and paws through a minimum value at about 
200°, it then increases very rapidly The changes are reversible because they 
can be observed on a rising or on a falling temp The influence of temp on the 
vise osity is diminished by pre vious annealing, and it increases when the load on the 
vibiatmg wues is inn eased H Tomlinson observed two critical points m the 
internal fuel ion one about 550°, and one about 300° M Ishimoto found m the 
internal friction < urves a minimum near 05° on both the heating andcoolmg curves , 
there was a maximum at 183° on the heating curve, and one at 173° on the cooling 
curve There is a bend m the curve at 260 w and anomalous changes cease up to 
600° H Tomlinson found the logarithmic (base 10) decrement of a torsionally 
oscillating hard drawn wire to be 0 001214, and of an annealed wire, 0 000914 
Obseivations were made by G Subiahmanum, A G Hill, P Oberhoffer and 
A Wimmer , and K lokibe and 3 Sakai— vide wjra- noted the change in the 
logarithmic decrement produced by heat treatment 

The viscosity of steel varies with the character and amount of twist it has 
received Fig 198, by 0 Barus, represents the angular distortion m radius as a 
function of the time m hours when wires of all degrees of hardness aie exposed to 
temp , 0, of 100°, 190°, and 300°, respectively The annealing temp is indicated m 
brackets Curves are induced for the angular distortion for 100° when the rate 
of twist, r 3° , and likewise for a late of twist r=6° when the values for the 
angular distortion have been divided by 2 For 0=190°, values are given for both 
T sks3° and t=~6° Each curve consists of two parts, an anterior ascending branch 
showing the motion at the high temp 0, and a descending blanch showing the elastic 
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effect of cooling fiom 6 to the temp of the 1 oom The r< suit s show t hat th< % iscoua 
deformation is much moie influenced by tc mp when tlu sto< 1 ih hard than when it 
is soft, that is, the viscosity decreases with temp ratiri s paribus— at greater 

rates m hard steel than with soft, steel 


oood), d-seb", r 3° 

Wmr 


\oOOQp f bltf}p6' 


\ _ rH 

. -mo Lb !i 


130° r ?’ 


TlTTmri At the same t<mp 0, th( differinees m 

n fwUttr.jf viscosity axe very large when the temper 

A I LL 11 I lies between glass-hard and ann< tiled at 

35 _r (_L |f 3 r )0° , intermediaU differ! rms within this 

| j . _ jZL intei val arc larger in proportion us tho 

\ 30 -h epb", f hardness is gxeater When the temper lies 

t. . j| __ $/oo°Tb° between annealed at W and soft, differ 

5 zs ■ 7 f— T~t~ 1 f- f i nt oh of viscosity at the Mine temp are 

| j oooo°), ielativcly small Consequuitly, tho vana- 

*»■ -(—)-[ ^ tions in viscosity due to tempi r aro veiy 

■2 ^ J tz^_U 30 : j, /30°, r j‘ pionounced during the fust stage of anneal 

|> /J f / r"H mg, and neaily vanish during the seiond 

/o [2.1^07,0 /si°r s stage The effect of tempering on tin vis 

W /if LX- J | <M ), 0 !0Q~ r i° cosity is thus analogous to its efft ft on the 
< ! /sofr ’XJ(/ oo°),9 ioo°, r 3° dectxical resistance, and the tin nnoelei trie 
6 ,00 ’ T ' f force 

o i£Jc/ 100, r 3 Nor the same degiee of hardness, the 
,''J a s \ Hms viscosity increases at an m telerat <d rate with 

(io°m,6 af.T 3 temp In Fig 108, for 0 10()M ho large 

l'io 108— Viscous Deformation in viscous interval between the r< suits of the 

Sta^of Xomperand Temperature 11 me t| al annealc<1 at 1<X> “ “ 1m1 at ' M)W " w in 

striking contrast with the smaller visious 

interval for metal annealed at 360° and at 1000° , for 0--19O", the interval between 
the results with metal annealed at 190° and at 360° is greatly lmnaseil, but the 
increase is not so great for the interval between the metal annealed at JW and at 
1000° , and for 0=360°, the interval m the second phase of annealing «W to 
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l<iu 198 — Viscous Deformation In 
iieasmg with Time for Diffoiont 
States of Tomper and Temperature 


1000 ° — is largely increased Hence, steel wixe annealed from hardness at d* has a 
marked tendency to suffer viscous deformation at 6 ° , and this tendency dec reuses 
with great rapidity m proportion as the temp of exposuie falls below O'* 

C Bams added that since at a depth of 10 miles below the surface of the* eaith 
the temp is at least as high as 450°, it follows that if the earth w< re made of steel, 
m the state of maximum viscosity, the rigidity 10 nulls below the surface would 
be ml, so far at least as the action of a continuous sheanng press is concern* d 
The viscous deformation of steel incieases much moie rapidly than the rate 
of twist, and it is as much as 3 m the case of steel annealed at j { M)‘ , and more* than 


10 m the case of steel annealed at 1000° It is therefore piobablc that the viscous 
lelations of soft steel to hard steel vary enormously, and even c hange sign as the 
stress producing viscous motion passes fiom high to low values For iates of twist 
less than 3°, steel is less viscous, and tho viscosity is more susceptible to t he influc nee 
of temp m proportion as it is harder , and fox rates of twist exceeding 6 °, steel is 
less viscous and more susceptible to the influence of temp m proportion as it is 
softer 


The effect of stiarns of whafcevci kind applied m sufhuent intensity to homo 
geneous soft steel results m a maiked decrease m the viscosity of the originally soft 
metal The diminution increases with the intensity of the stiam The vwous 
effect of a tensile stram apphed m any degree to the same originally soft metal is, 
after straining, almost ml m comparison V Kohlrausch,F Stremtz, and il Tom 
linson have studied these phenomena 0 Barns measured the time-variation 
of viscous deformation in the case of soft steel transformed by temper, drawing 
strain, traction, and torsion, with intense and moderate values of stress In all 
cases, a given loss of viscosity is attended by a simultaneous increase m hardness 
Repeated torsional oscillation was shown by G Wiedemann, and Lord kelvm 
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to reduce the internal friction, and they found that a large influence is exerted by 
a long rest, eithei with or without oscillation, and that a considerable diminution, 
both tempoiaiy and peimanent, can be produced by raising the temp of the Mare 
to 100° Thus, accoidmg to H Tomlinson, a well annealed iron wire, when tested 
10 mm after suspension, had a logarithmic decrement, due to internal friction, of 
0 003011, after an houi, 0 001 195, and aftoi a day, 0 001078 After the last period, 
the friction became sensibly constant, and i<mamcd the same after 4 days, so 
that the wne had iccommodatcd itself to the conditions F Stremtz, G- Wiede 
mann, and F Kohliausch called the penod duung which the diminution occurs, 
the pei tod of cm < om niodation H Tomlinson added that the reduction of the internal 
friction by oscillation and rest had not if ached a minimum, because, on repeatedly 
heating tin wire to 100°, and allowing it to cool, the logarithmic decrement rapidly 
diminished, until, altei b days, on each of which the wire was heated to 100° and 
allowed to < ool slowly, it became 0 (X)0412 when fuither i< petition of the process no 
longer affected the fuction sensibly The greater part of the diminution occuued 
afta the hist hratmg and cooling, but s( veial repetitions were needed to produce 
the minimum A temporary use of temp not exceeding 100° had a marked effect 
on the internal friction for instance, the loganthmic decrement at 0° was 0 000412 
and about one torn th this value or 0 0001 1 2 at 98° At this temp , the internal friction 
was a minimum, because with a fuithcx rise of temp , the logarithmic decrement 
mere rstd The mt< rnal faction in non at 98° is thus veiy small, and this is shown 
by the fact that only about 3000 vibrations are required before the amplitude is 
i educed to one half of its initial value by internal friction Consequently, if a wire 
and its appendage s bt made to vibrate in vacuo, and the temp be kept constantly at 
98°, with a vibiaiion penod of 1 0 secs , more than 8 his would elapse before an initial 
amplitud< of 100 Mould be reduced to 50 The internal friction under these con- 
ditions is only one thutieth of its ongmal amount When the wire is fully accom- 
modated, a small change m the conditions will produce a disturbance , thus, a 
mechanical shock, a change of load, a slight rise of temp, or a lotation of the 
molecules by magnetic stress, will require fiesh oscillations to be made before the 
friction leaches its minimum The time taken by a wire to re accommodate itself 
when the accommodation has been disturbed by a change of temp depends consider- 
ably on the direc tion of the change Thus, if a wire be re-heated from room temp 
to 100°, re accommodation is c fleeted m a much shorter time than when the accom- 
modation has been distuibed by lowering the temp from 100° to room temp 

O E Meyer leferxcd viscosity to partial molecular rotation, and this view was 
adopted by F Kohlrausch These rotations aie similar to those postulated by 
R Clausius m developing a theory of shear L Boltzmann assumed that the elastic 
forces aie dependent on the present and preceding deformations of the body The 
effect of the earlier states of stress on the existing stress diminishes with inter- 
vening time, but is independent of intervening states of stzess Different viscous 
deformations are superposablc T Nissen modified L Boltzmann’s theory to suit 
the atomic theory, and he distinguished forces producing and retarding motion, 
and the purely elastic forces which obtain when viscous motion has subsided 
F Braun < oncluded that elastic and viscous deformations arc the result of the action 
of ioiccs of different origin, and he refers viscous motion to the partial rotations 
postulated by W Weber, and F Kohliausch E Warburg referred viscosity to 
the partial lotations of molecules of a form other than sphencal T Nissen based 
a theory on the conditions under which sothei enters the mtermoleeular spaces 
when a body is deformed by stress 

C Barus employed J 0 Maxwell s theoiy in which the effect of twisting is to be 
refeired to the motion of molecules which accompanies it The molecules, together 
with their component atoms, are thus placed m new relative positions , therefore 
unstable configurations during the course of such motion are continually broken up 
into configurations of smaller potential energy and greater stability Hence, 
finally, the observed decrease of viscosity By xeversing the sign of the twist the 
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original configiuations can be only partially restored, even foi jsmall pennanent 
set, such as is heie m question , and the < ff<>< i of prolong* <1 and r< peat* d twisting 
is stiffness and constant viscosity, because all the molecules have collapsed mto 
configurations of minimum stability, and the intrinsic molecular <nugy is the 
potential minimum compatible with the given conditions Again the molecular 
condition of lion at its recalescence temp may be regarded as almost c h notic , the 
number of confirmations made unstable because they an built up of dismtegi itmg 
molecules is therefoxo a maximum, so that the viscosity will heie he a maximum 
0 Barns regarded glass hard steel as a stage of temper which is undergoing 
incipient annealing at ordinary temp Annealing is attended by ehemual de 
composition of the carbides, so that the molecular configuration of glass hard 
steel is m a state of incipient change, and it contains moie unstable configura 
tions than Rteel m other states of tcinpei lb nee, on J f 1 Maxwc II h flic ory glass 
hard steel, despite its extreme hardness, is the least viscous of the whole group of 
tempered and soft steels Accoielmg to (' Bants, viscosit) and haidncss can ‘he 
clearly distinguished as follows 

Imagine a lound Iiaidu body sliding tuiigcntialR along the plane o! a soit< i body with 
out rotation Lot there bo auffit lent piessuio on the louncl body nonnal to the piano ot the 
softer bod> to insure cohesion at the point of c ontac i Then iho miU i bod\ ih Hitbjec tod to 
a simple shear along the line of sc rate lung It the mot ion is Buihc u ntl> hIow the hoH body 
may yield viscously and there will bo no snatching If the motion ih Huffit u ntlv bint, the 
soft body will generally bo scxatched Hence hardness and -vimosity are cac h x<*sistiuuc<» 
against simple shearing, according as the tangential motion of the hard body ih mifh< icntly 
rapid or sufficiently slow, respectively The conditions foi the o< c urront o ot qiumuit 
friction may therefore be stated thus if there is nuffic lent tnno given for the moles uIoh of 
two bodies to react on each othei at tho point of contact, the fnc tion ih <juh mc < rit If the 
tune be insufficient, friction is kinetic 


H Tomlinson considers that both the temporary and pennunent. alt< mi ions of 
the internal faction of iron produced by laismg the temp not above 100", an* partly 
due to mere agitation of the molecules, but the permanent effects are probably 
not wholly an effect of molecular agitation he cause maintaining the* temp at MX) 0 
for some time does not bring down the faction anything like ho much tut ic treated 
heating and cooling The slow shifting backwaids and forwards of the molecules 
induced by repeated heating and cooling, is, m a great measure, responsible for the 
permanent decrease of the internal friction Similaily, the shift mg bar kwards and 
forwards of the molecules caused by torsional oscillation produces a permanent 
diminution — mde tnfra for the effect of magnetization on viscosity A Ouillet, 
and H le Chatelier discussed the effect of the physical properties of lion on the damp 
mg down of the oscillations of a bar 


The plastic flow or plasticity of metals was discussed by 10 N da ( ' Andiadc • 
R, Becker, R H Canfield, H and F lc (’hatcher, J Dcjmck, J If H Die kenson. 
B Eisenschitz and co-workers, W Fahrenhorst and E Schmid, J B Fletcher 
H J French, H J French and W A Tucker, N P Goss, J N Greenwood! 

® p Haigh, H Hencky, E Heyn, H Hoff and G Sobbe, E M Horsburgh, 

H M Howe and A G Levy, Z Jeffries, Z Jeffries and R S Arohei, E Kick 

F Korber and co-workers, W Kunt/c U E Larard, W Lode, P Longmuir, 

? L °» S \t P j Lud ™ k ’ 0 , Manfred > H Moyer and F Nohl, H F Moore, 
A Nadai, A Nadai and co workers, E B Noins, J T Norton and B E Warren, 
J Oiland, J Puppe, R L Peek and D A McLean, L B Pfeil, W Prager, 
LnS 1 ’ 0 Ran Tue and P Henry, M Bos and A Eichmger, W Kosonham 
and McMinn, G Sachs, F Sauerwald, F Sauerwald and eo workers, F Schleicher, 
E Schmid t md Ico-workers Schob, J Sei glc H Shop, E Siebel and co-workers 

w v w i£r n W ^ Tafe i Q k w Q uinn ey } V 0 Thompson and 

7 K A + ^ ehkkoff “ d ^ p stchapoff, W M Wilson, and 

” ood According to H Shop, if P denotes tho plasticity of a metal, 
and de/dte the final velocity per unit length caused by a load u> 0 exceeding the 
elastic limit, then P=(llw 0 )(dvjdw) The laws of flow weie discussed by H Meyer 
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andF Nehl,andE N daO Andiade, and by W Rosentam, the behaviour of crystals 
under plastic deformation — vide svpra, slip bands The effect of plastic deforma- 
tion on the crystal structure was discussed m connection with the X-radiograms, 
and with slip-bands A Robertson and G Cook studied the transition from the 
clastic to the piastre state If the applied stiess exceeds the elastic limit, the metal 
begins to flow peiccptibly , and the rate of this flow expressed as a percentage 
elongation icpiosenis the ductility of the metal The definitions were discussed by 
A E H Love, and W 0 Unwin, H Shop said “ Suppose a metal be loaded by 
a constant weight so slightly bejond its elastic limit that the cross-section of the 
metal is not altered by the tension Let V be the velocity of the elongation per unit 
length, t<?o the intensity of the stress coirespondmg to the elastic limit, when F=0, 
and w the intensity of the applied stress diminished by u>q , then the plasticity P 
can b< defined by the equation P ~(1 jw^dVjdw) ” The theory of the subject was 
discussed by k Beimewit/, A E H Love, L Boltzmann, A A Michelson, 
H V Waite nbeig, G Masmg, If Loient/, R Becker, V Volterra, and H Shoji 
V lvreu/pomta found that steel with granular structure flows less readily than 
steel with a * mushy * structure although both may have the same tensile strength 
and percentage elongation He devised an arrangement which rang a bell when 
a test piece was pulled by the hands showing that a force so slight suffices to cause 
an elongation of th< test piece A le Ohateher found that a metal may be broken 
by a tensile stress above a certain temp , with loads that produce permanent elonga- 
tion With a constant temp , the deformation under a given load has a decreasing 
value tending towards equilibrium , the deformation increases more rapidly than 
the loads, whilst the stiess increases and the strain decreases with the speed of load- 
ing , deformation under shock is inversely proportional to the shock , under an 
increase m temp , the deformation increases, and the resistance decreases Cast 
iron at J5° e an support the following loads m tons per sq m for the time stated m 
the number of minutes without breaking 

Tmio 0 5 1 0 5 0 15 60 mins 

Load 25 21 24 61 23 87 23 49 22 86 tons per sq m 

According to J Cournot and k Sasagawa, the time-elongation curves of metals 
at 000° show that the following increases m load were needed to pass from 
the viscosity limit to a rate of flow eq to 16 X 10““ 4 mm per hour with wires 100 mm 
long mild steel, 4 2 to 5 2 kgrms per sq mm , semi mild steel, 4 3 to 5 6 kgrms 
per sq mm , high speed steel, 14 0 to 19 0 kgims per sq cm , nickel-chromium 
alloy, 32 0 to 3b 0 kgrms per sq mm , and silicon chromium steel, 30 0 
to 35 5 kgrms persq mm J J JKantcrandL W Spring found that steels which 
have undergone small amounts of flow do not seem to have deteriorated, the tensile 
properties, including elongation and reduction of area, remaining approximately 
what they were before the flow tests Since little or no deterioration occurs or should 

be expected (unless through oxidation), and since with ductile metals at temp 
above 315°, 10 per cent or more of flow or elongation are necessary before the 
material starts out on its final stretching preceding rupture Any slight flow or 
deformation brought about by stresses below the proportional limit are not 
seriously objectionable unless the distortion interferes with service Caibon 
increases the resistance to flow At low temp where gram-size is a prime factoi 
governing the stiengtk, caibon increases the stiength by refining the gram, 
at low temp , deformation is accompanied by great stram hardening, and con- 
tinuous flow sufficient to ruptrne is observed only at loads approaching the tensile 
strength At temp above 425°, the grain-size is still small, but the giams themselves 
are not so brittle as at strain-hardening temp , they are plastic enough to change their 
form under stress without splitting, and without forming slip-bands In this plastic 
state, strength by mere virtue of number or multiplicity of gram does not obtain 
The subject was studied by 0 L Clark and A E White, and J L Cox 

L Klcm discussed the friction between wood and iron, r E Shaw and 
vol xm v 
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E W L Leavey, and B S Hedrick, the friction of iron in vacuo against iron, 
nickel, aluminium, silver, and copper, J S Rankin, the friction of non against 
glass, and biass , G A Tomlinson, the friction of coppot, aluminium, non, nickel, 
and glass , and 0 H Lehmann, the friction of ordma y cast non against steel and 
against hard and soft east iron J S Stevens discussed the moh uilax contact 
during friction of one surface on anothc 1 F Saueiwald and E Janie hen studied 
the cohesion of the compressed powder 

A Masson 7 obseived the velocity of sound in non to be 501 r > 9 to 4*40 2 metres 
per sec , A Kundt, 5092 9 metres per sec , and G Weithumgasi r >123 8 nieties 
pei sec between 15° and 20°, for iron wire, 4912 9 moties jai set between 10° 
and 20° , fox soft steel, 4982 0 metres pei sec between l r >° and 20 , and for the 
same steel tempered blue, 4880 4 metres per sec at 10 ' U ( In \ stal, and F Robin 
noticed discontinuities at 120° and 250° , and G Wert hum at IOO' (} Weithcim 
mferxed that the velocity of sound m non and steel is nun used b> a use of 
temp not exceeding 100° because of the mcxcasc in the longitudmdal elasticity 
He found that the percentage mo ease m longitudinal elastic lty be tw< c n I r > and 100° 
is 4 90 foi annealed non, 6 91 fox annealc d non wire, 2 79 fox anneah d c as t steel, 
23 20 for annealed steel wire, and 518 foi steel tempeml blue II Tomlinson 
however, found that both the torsional and longitudinal elastic it i< s of mm and steel 
axe decreased by about 2 5 pei cent whe n the temp is raised from 0‘ to IOO Ti ue, 
the longitudinal elasticity may be gieata at IOO 1 ’ than it is at 0" pio\ided a start 
be made from 0° and the wire has not bee n previously heated to 100 , but the 
apparent tempoiary increase is really a pei manent one, and if the wm b< lepeatedly 
heated to 100° and then cooled, the elasticity is lc ss at the liighc i tc mp if huIIk lent 
rest after eoolmg has been allowed The pitch of the musical note juodmtd by 
a steel wire or steel tuning fork is lower as the temp is raised, and this moie than 
corresponds with the mere change in dimensions G Tammann and <o workers 
studied the formation of Chladni’s figuic s 

F Robin examined the acoustic properties of mm When the diy metal is 
heated, the duration of the sound diminishes slowly from, general!* speaking, 
10° to 20°, then more rapidly, and finally very lapidlv, between fit) and 100' 
At 90° the cuive falls rapidly, and attains a minimum at about 120° to 180", when 
the sound is hardly moic than a confused muimur On continuing the heating, 
the curve is seen to use again, and the duration of the sound me reuses rapidly from 
150° onwaids to about 220° or 290°, where it ieac lies a maximum Ftom this point 
the duiation increase s very slowly until 325° to*350° ih r cac hed, w hen t he fall la < omes 
more rapid and the sound dies away finally at about 540° It should be noted that 
on leaching red heat, at about 500°, the bar still give s out a sound at least four times 
gieater, generally speaking, than the sound given at 120° The duiation of the 
sound decieases vuy rapidly m steels, starting from normal temp , and attains a 
minimum at about 120 Q , which may be measmed in the case' of hypeieutectcud 
steels The peaking of the curve of icsonancc decreases, and the minimum rises 
with the percentage of carbon It is less accentuated in propoi turn as white non 
is approached As may be seen on inspecting the curves of the duiation of the 
sound, complete extinction of sound only occurs in the case of the annealed hypo 
eutectoid between 100° and 140° Gioy irons no longer display sonoiousness, and 
the phenomenon is no longer distinctly obseivablo The maximum resonance on 
heating is m the vicinity of 250° , it approaches 2<X) C> when the pioportion of carbon 
increases, its distinctiveness and its absolute \aluo increase with the* amount of 
combined carbon contained in the metal The icsonancc gradually diminishes and 
finally becomes extinguished at a little below nascent loci heat Slag reduces and 
a little carbon favours resonance , sulphur diminishes the aonoious properties, but at 
ordinary temp phosphoius has veiy little influence Foi alloy steels, 

J A Anderson found the velocity of sound m iron vapoui to be between 990 and 
1650 inches pei second 

Innumerable tests have been made on the mechanical properties of non and 
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steels A selection for some of the alloy steels is made m connection with the 
different alloys For industrial purposes, m different parts of the world, probably 
thousands of samples are tested every day , and metals are manufactured to satisfy 
certain specified mechanical tests 

The elastic limit is the greatest load per unit of original cross section which does not 
produce a permanent set , the proportional limit is the load per unit of original cross 
section at which the deformations cease to be directly proportional to the loads , and the 
yield point is the load per unit of original sectional area at which a marked increase in the 
deformation of the specimen occurs without increase of load — cf 1 13, 17 The definitions 
were discussed by J E Howard, 8 and T D Lynch 

In 1809 L B fi do Morveau made some observations on the tensile strength 
of the metals, and found that the weight m kilograms which could be supported by 
an non wire 2 mm m diameter was 250 , a copper wire, 137 , a silver wue, 85 , etc 
G Wertheim measured the tenacity of some metals, m kilograms per sq mm , and 
found foi non, 50 3 , copper, 31 6 , silver, 16 4 , etc G Wertheim said that the 
tensile st lengths of the metals vary as their at wts — vide sup a, hardness There 
die many collections of data The following is based on that of F Auerbach In 
illustration of the values given for the elastic modulus of iron, E, m kgrms per sq 
mm, N Kat/enolsohn gave for forged iron, 19,024, G Wertheim, 20,869, 
(I Pisati and G Saporito-Ricca, 21,450 , M Baumeister, 20,500 , H Tomlinson, 
19,810, Iv F Slotte, 19,385 , for annealed iron, G Wertheim gave 20,794 , for 
cast iron, P A Thomas gave 21,740 , O Wagner, 21,300 , W Pscheidl, 11,713 , 
W Voigt, 12,800 , and A Gray and 
co woike is, 15,750 Similarly, for forged 
steel, Gr Wertheim gave 18,810, for 
annealed steel, 17,280, and for cast 
steel, 19,555 For cast steel, G Pisati 
gave 18,490 , W Voigt, 20,400, E H 
Amagat, 20,395 , 0 Wagner, 20,560 , 
and for mild steel, A Gray and co- 
workers gave 21,700, andO P Weston, 

19,380, for soft steel, 20,705, fox 
medium steel, 20,910 , and for hard 
steel, 20,600 A L Kimball and D E 
Lovell gave for the elastic xnodulus of annealed Swedish iron 18 9X10 11 dynes 
per sq cm, and for cold rolled mild steel, 21X10 11 dynes per sq cm 
H Tomlinson gave for hard steel, 21 360x10° and 1862x10° grms per sq cm 
for hard drawn, and 198x10° grms for annealed iron wire, and G Angenheister, 
for hardened steel, 18,206, and for soft steel, 18,875, and G F C Searle, 
19,810 -vide sup a, Table XVI As indicated below, the actual values for any 
particular samples must obviously depend on the composition of the metal, and 
on its previous history W Sutherland gave for the best representative values 
foi iron, m kgrms per sq mm , 20,000, with the extremes 18,610 and 21,440 
Observations on the elastic limit were made by 0 H Desch, J Gahbourg, 
E Goens and E Schmid, J E Howard, A Jaquerod and H Mageli, P Kreuz- 
pomter, H K Landis, G Lanza, P F Lee and H A Schade, P le Rolland 
and P Sorm, K Prosad, CAP Turner, and L B Turner The results of 
D K Froman, for Young's modulus with small stresses, are summarized m 
Fig 199 A Mallock observed that there is a similar relation between the temp 
coeff of the modulus of elasticity and the m p as that which obtains between 
the temp coeff of the hardness and the m p L 0 Tyte discussed the <1< viations 
from Hooke's law 

G Wertheim gave for the elastic modulus of iron at 15°, 100 \ and 200°, reaper 
tively 20,794, 21,877, and 17,700 , and for that of cast steel, respectively 19,561, 
19,014, and 17,926 N Kat/enelsohn found that with iron of elastic limit 19,024, 
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the percentage decioase between 0° and 100° is 2 3d A Wassmuth obtained a 
similar result K F Slotte ga\t foi the elastic limit of iron 

8 1" 20 4 10" 40° 60 60* 

K It) 087 19,38" 10,220 10 1)7 l‘MI)7 10, (Hit 

A Giay and co-woikers gave a -—00)130 foi the temp anil of the elastic limit 
of iron G A Shakespear obtained similar results, while M 0 Noyes obtained 
0 O346O foi steel , and G Pisati obtained for iron, the following results for the 
elastic limit, E, and the temp eoeff , aXlO 5 



0° 20° 

60° 

100 

140 

180° 

220" 

260° 

300" 

L 

a A 10' 

21 183 21,441 
10 

21,330 
12 27 

21,212 

31 

20,081 

41 

20,025 

20,267 

47 (>n 

10,721 
• M) 

10,175 

and for steel 


0 20 

CO" 

100° 

140* 

180* 


260’ 

100* 

A 

18,518 18,481 

18,30) 

18,2 12 

18,085 

17,025 

17,720 

17 r>w 

17,372 


aX 10* 10 13 20 18 24 28 2 r > 20 

Iv W imrtier gave 7427 at 0°, 6298 at 100°, and computed 10,508 at 273° , and 
KL It Koch and R Dieterle, foi steel with 0 0085 per eent of carbon annealed at 
620°, 1455x10-0 kgrm per sq cm at 12°, 1 360 X 10“« at 200° , 1250x10-0 
at 400°, and 1 0455xl0-« at 600°, 0 Schafer gave 1836x10 « at 20’, and 
E Gruneisen 2 168 XlO -6 at 18° for 0 1 per eent carbon steel, and 2 132> 10*® 
at 18° for 1 0 per cent carbon steel J R Benton found the ratio of the 
elastic limit at —186° and at oidmary temp to be 1 180 , and C Schafer found a 

0 02250 increase m the elastic limit per degree 1 between 20° and 18b ' K Honda 
and T Terada found that the coelf of elasticity, E, of Swedish iron rose from 

1 802x10™ with a load of 1689 grms per sq mm to I 968 XlO 12 with a load of 
11,700 gnus persq mm H Schlechtweg, and G H Kuelegan and M R House 
man studied the subject W Sutherland said that if E denotes Young’s modulus 
at 6°, and E 0 its value at the absolute zero, then, if 6 m denotes the m p of the metal, 
E[E 0 =l—0 823 6/6 m , for temp up to about 102°, but it is imperfect at the in p , 
since it gives finite values at that temp , whereas the value ought to be 1 zero A Gray 
and co workeis found for Young’s modulus of mild steel 2 1279 X 1 0 12 dynes per 
sq cm , at 20 3°, and 2 0939 X 10™ at 80 3° -a diminution of 0 000247 per degree , 
for soft iron they gave 1 5521 X 10 12 at 16° to 22°, and 1 5321 X 10™ at 94° to 96° - 
a diminution of about 0 000156 pei degree E JP Harrison and S K Ohakravarti 
observed that the elastic modulus docs not icach a maximum as the temp rises, 
but decreases continuously so that between 27° and 140° for annealed wires, 
J?=f7 0 {l-0 000934(0-30)- OO e 733(0-3O) 2 }, when E 30 is 18 95x10™ dynes per 
sq cm H L Dodge found the modulus of elasticity, E, of mild steel (0 162 per 
cent caibon) m lQ~ n dyne per sq cm 

22* 112" 203" 308" 400* 

.EXlO- 11 19 3 18 9 18 2 16 8 HO 

A Mallock gave 1 27 foi the latio of Young s modulus at --273® and at 0" F Sauer- 
wald and eo workers attributed the brittleness of a non at the temp of liquid air 
to the ready cleavage of the crystals at that temp 

K Honda and T Tanaka found that the effec ts of carbon on the modulus of 
Elasticity, E, and modulus of ligidity, K, for non alone aic respectively 2 087 x 10™ 
and 8 34x10™ , and foi alloys with caibon 

Carbon 0 10 0 20 0 40 0 00 0 81 1 02 1 10 1 48 percent 

By ift-1 I Annealed 2 040 2 026 2 070 2 040 2 030 1 900 1 081 1 OK) 

\ Quenched 1 042 1 931 2 000 — 1 028 1 011 1 880 1 820 

jfvlO-H I Annealed 8 13 8 11 8 21 8 19 8 16 8.17 8 00 7 07 

\ Quenched 7 02 7 88 7 02 — 7 78 7 78 7 71 7 06 

The piesonce of carbon in general decreases both moduli The zig-zag character 
of the curves is attributed to impurities Whilst the tensile strength of carbon steels 
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is increased by quenching, the moduli of elasticity and rigidity are decreased m all 
cases This fact was noted by K Honda and H Hasimoto 

H Tomlinson observed that aftei a wne has suffered permanent extension, the 
temporary elongation which can be produced by any load becomes less as the 
mteival between the period of permanent extension and that of applying the load 
becomes greater This meuase of elasticity is greater m proportion foi laige loads 
than for small ones The increase of elasticity takes place whether the wne be 
allowed to remain loaded or unloaded between the period of permanent extension 
and that of testing for the elasticity The rate of meiease of elasticity varies 
considerably with different metals , with some, the maximum elasticity is attained 
m a few mmutes, with otheis, as with non and steel, not till some days have elapsed 
The elasticity can be increased by heavily loading and unloading seveial times th< 
rate of increase diminishing with ea(h loading and unloading A moie or less 
decided departure from Hooke s law -1 13, 17 — always attends recent permanent 
extension, even when the weights < mployed to test the elasticity do not exceed 
one tenth of the breaking weight L (* Tyte found that all the metals he mvesti- 


Bact/le 
dm/ elastic 


* Brittle 
fairly elastic 


gated deviated from Hooke s law over the whole range The amount of deviation 

differed for the same material subject to different heat treatments, and cold- working 

Foi annealed metals, the deviations increased with an increase m the size of crystals 

H Tomlinson observed that the departure is tiastn brittle ng/d 

diminished very noticeably m the case of iron r ~ s L — otictiift^ 

and much less so m the case of other metals, by j ^ — elastic 

allowing the wire to rest for some time, either / 

loaded or unloaded, it is also diminished by / d edS/c 

repeated loading and unloading Permanent i If 

extension with all metals, provided the wire A // 

has not been kept heavily loaded for some time, £ // / 

produces a decrease of el as ticity if the strain be ^ II j 

not carried beyond a <ertain limit If the ex- III/ Atas/aty" 

tension be earned beyond this limit, a further 11/ JsZz=^A to* elasticity 

permani nt increase of length causes an increase j f ^ ^ /ugh resilience 

of elasticity In the < ase of iron, heavy loading L Mum -* ' ’ T Celtic 

for some tune so increases the elasticity that 

even when the extension would have caused 3,10 200 stiw^Curv^ ° StrCMH 
diminution of elastmty without such continued 15 

loading, the latter will, if sufficient time be allowed, change this diminution into 
an increase- but not so with copper With iron which had been heavily loaded for 
some time, the latio of the temporary elongation to the load producing it becomes 
less as the load employed becomes greater, until a certain limit is attained dependent 
on the extent of the previous heavy loading With othei metals, and with non 
which has sufloed permanent extension without allowing the load producing the 
extension to rt mam for any appreciable time on the wire, the < longation mcieases 
m a greater proportion than the load This behaviour of iron, as well as the fact that 
this metal does not, until many hours have elapsed, attain its maximum elasticity, 
after having undergone permanent elongation, is attributed to the great cohesive 
force of the me tal When a fixed load is applied to steel at a constant temp , thue 
is an initial flow which results in an elongation of the steel This elongation ceases 
after a time, if the load is not too great This indicates a strain hardening of the 
material If the load be constant, there is a slowei elongation, or secondary ftov , 
which oontmues under a constant load of sufficient magnitude until it is followed by 


Plastic Ion 
A elasticity 
low elasticity 
, high resilience 
-disco as 
tnelathc 


I< id 200 — Some Tj pes of Strcsn 
Stiam Curves 


& final rapid flow which immediately precedes the fiacturc of the metal H P Moore 
represents the phenomena as elastic deformation, slip, and fracture The elastic 
deformation is represented by a slight stretching, or compression, or a latcial dis- 
placement (shear) This deformation disappears when the stress is released As 
the stxess is increased, some of the atomic bonds m the crystal giams are brokui 
along certain planes, the divorced atoms slide over other atoms, find new partners, 
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and form new bonds It is remarkable that after a brief p< nod of i est for readjust 
ment, the new bonds seem to be stronger than the old ( q m (old drawn steel 
the slip is attended by an increase m strength The action at this stage is the 
phenomenon of slip discussed above The planes of slip across the crystal grama 
appear microscopically as lines, or slip lands H P Hollnagel represented the 
different types of stress strain curves by Fig 200 H F Moore likens t he slip to the 
action of an oblique pressure on a pack of cards- Fig 201 and added The slipping 
continues, some of the broken atomic bonds do not form new bonds and minute 
cracks appear, until finally the cracks spread and a fracture occurs The relations 
of stress to strain are illustrated by Fig 202 OE represents the first stage of ( lastic 
deformation , slip-bands begin to appear at E when the stiess is AE y after that the 
curve deviates from a straight lmc, and when the load is u leased the material has 
acquired a small permanent set E represents the proportional limit or elastic limit , 
the vield point is lepiesented bj I , so that when the stress attains the \alu< Pi, 
a general slip occurs, and after that fracture With vei> buttle materials fiactuie 
may occur before the stress becomes laigi enough to slum a well maiked \ it Id point 
Under repeated loading a stress well below the ultimate tensile strength will start 
a fracture m metal which finally spreads to failure of the entire cross section of a 
piece This spread under repeated loading is very much slower that the spread 
under a single increasing load Thousands or even millions of < yt les of stress may 
be required to develop the final failure This repeated stress f rat tme spreads 
slowly, like a minute hack saw cut, but its rate of progress is act dented, and just 
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Fig 201 — Formation of Shpibands 
(Diagrammatic) 
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before fracture it is almost as rapid as is the spread of fracture under a single 
increasing load In fact, a typical fatigue failure usually shows two distinct 
zones (i) A smooth surface wheic the crack has spread slowly and the walls of the 
crack are battered smooth by repeated opening and dosing, (n) a tough “ uystal 
line ” surface indicating the veiy much more sudden fracture of the toio of the piece 
The subject was discussed by K Yuasa 

According to Hooke’s law, if S denotes the extension, and P the stress, H ll\ 
where l is a constant , but, as just indicated, the results of acc unite observations 
deviate a little from the rule 0 Bach said that F A Schulze’s formula $ U m 
gives better results when m is a constant great ei than unity For example, 
T E Stanton observed that m his tests, the relation between permanent strain, 
S, and stress, P, can be represented by P=39 37$*, whore h is nearly 0 25 for some 
specimens of mild steel R Mehmke has made a collection of the formulae which 
have been suggested m place of Hooke’s law, m order to represent the observed 
results empirically E Hartig, and E Grttneisen and F A Schulze assumed that 
the elastic modulus increases linearly with increasing stress, so that dPjdJS - E cP, 
where c is a constant , and this can be wntten )> where 

K are constants This resembles I 0 Thompson’s formula, 
S=aP +hP*+cP* W Voigt also supposed that the increase m the elastic modulus 
with increasing stresses is m accord with a power series P Debye assumed that 
the modulus of elasticity is a function of the interatomic distance G Wertheim 
made an assumption of tbs kmd m 1848, for he gave the formula Ed 7 ~* a constant 
when a denotes the mean distance apart of the atoms P Debye’s hypothesis is 
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not m accord with the belmiour of solid sola where the change m the modulus is 
greater than can be explained h} i sm ill change in interatomic distances According 
to H von Wartenbcig, every elastic deformation of a metal composed of grams is 
reallv made up of pure elastic deformation and of an elastic after working, having 
a time factoi Single crystals do not exhibit elastic after effect The pure elastic 
deformation of a metal is independent of the previous treatment The limit of 
proportionality of a metallic conglomerate is the stress at which the most un 
favourably situated cryst il slips, and it follows that there is no such limit for single 
crystals The elastic limit is ih< stress at which the elastically deformed crystals 
fail to bring back the displaced crystals to their original position The subject 
wis discussed by A BerLncr W Geiss, U A Tomlinson, G S Meyer, M Polanyi, 
G Tammann, 15 Goons and E Schmid, P Bechterew, G Cook, G Masmg, H Mark, 
L Boltzmann, ) E Wicclieit, A A Michelson J Okubo, J C McOonnel and 
I) A Kidd K W Mesnagei, V Sauerwald and H G Sossinka, A Y Stepa 

noff, mdE iloudiemont md II Kallen 

1 E Stead worked out a tluoiy for the relation between the cold working of 
steel and the tensile st length He stated that there to at least three stresses to 
consider (i) the st ic ss, i equired to destroy the cohesion between the atoms m the 
space lattice of the crystal, and this is assumed to be constant (n) the stress, 
required to produce internal slip , it is a characteristic of each steel , it increases 
exponentially with the amount of slip, and depends on the amount of slip which 
has already taken pine e , md (m) the stress, required to produce external slip , 
it is characteristic of each stc c 1 , and it increase s lm< arly with the amount of slip 
that has taken place He said 

When a test pi< < e is «tr< Hb< d, the stress rises elastically until tlie initial value of 3 2 is 
leached and then internal slip takes place l ho crystallites being in a state of unstable 

equilibrium owing to in tuna! stresses, when slip takes place this equilibrium is upset and 
a position of stable < qmlibiium is attained, m which the internal stresses have disappeared 
This necessitates considerable shp taking place such slip constituting the yield point slip 
Ihis is nearly all mt< xnal, blit is accompanied by some slight external slip to conform with 
the movement that has taken placo m tho crystallites While the crystallites are settling 
down into a position of equilibrium, the stress remains the same and the slip produces no 
hardening choc t 1 hat is to say, tho piec o cannot withstand any higher stress than S 2 with 
out fuithei shp As soon as the equilibrium position is reached, any further slip produces 
an mcroaso m 3 m 1 hat is to sa> , to produco further shp the stress must be increased, and 
with each increasing shp there is an meuaso m the value of S 2 However, the shp that 
takes placo is patily internal and partly external, the proportion of external to internal 
increasing as tho slip m< leases Thus, hardening is due partly to tho increase of b and 
partly to that ot b t f J bough tho initial valuo of is loss than that of $ 3 , the foimer 
increases with slip moio rapidly than so that a point is readied whon tho value of 3 
is equal to tho valuo ot As tho values of b z and $ 3 approach each other, tho latio of 
external slip to int< rnul m< mines until, wlien b > and 3 Z are oqual, the slip becomes wholly 
external This < ontimw s until t Jio breaking point is reached Tho breaking stress may bo 
equal to b t but of that thorn is no o\ ul< mo ono way or the other 

J T Bottomley noted the gieat difference between the tenacity of non when 
loaded by alow degre os, and when loaded quickly , and this recalled the increase 
m tho poifative power of a magnet with gradual loading — vide infra H J Fiench 
and W A Tucker, and A Michel and M Matte showed that when a specimen of 
steel is subjected to a constant load, it passes through four phases (i) an 
instantaneous extension , (n) a slow extension , (m) a constant increase , and 
(iv) a rapid increase accompanied by fracture The permanent deformation and 
fracture was discussed by M Malaval, and A H Leblond, and tho expansion of 
oast iron under tension, by E Piwowarsky and 0 Bomhofen , and the change of 
dimensions under torsional stresses, by T Ueda 

C A Edwards and L B Pfeil, working with single crystals of iron, containing 
0 13 per cent carbon, 0 023 Si, 0 44 Mn, 0 028 S, and 0 020 P, found that the limits of 
proportionality ranged from 1 725 to 2 69 tons per sq m , the tensile strength, from 
9 38 to 15 38 tons per sq m , the modulus of elasticity, from 11,200 to 13,320 tons 
per sq m , and the elongation, from 30 5 to 53 65 per cent With two exceptions, 
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the tensile strengths fall within a range of 1 27 tons pci sq m , the average of 
8 tests is 9 98 tons per sq m with maximum and minimum values, respectively, 
10 65 and 9 38 tons per sq m H 0 H Carpenter’s values for the tensile strength 
ranged from 9 61 to 9 94 per sq m Observations were made by (5 T Taylor and 
C F Elam, F Sauerwald and G Eisner, P Ludwik, A B Km/el, I Komgsberger, 

A Kroitzsch, W H Hatfield, R L Templm, 0 Schwarz, J Gahbourg, J Seigle, 

A R Page, F G Martin, J A Jones, F W Duesmg, H Poellun, P R^gnaukl, 

R Rimbach, C H Carus-Wilson, R H Graham, J E Howaid, E Bernardon, 

0 Cornut, J H Wicksteed, E Marke, L Tetmajer, W F Davev, A Pomp, A Vos 
maer, J W Langley, K Daeves, C C Sohrott and G M Case, T K Howard, and 
T B Focke The tensile strengths of small cijstals were more v amble than large 
ones C A Edwards and L B Pfcil consider that the lowest value for the tensile 
strength m a single crystal will be obtained when two slip planes make angles of 
45° to the axis of stress, that is, when two planes coincide with a plane of maximum 
shear, and that higher values for tensile strength will be obtained when no planes 
make this angle The important factor is the angle between the planes and the 
axis of stress, and not the relative position of the planes and the sux face of the 
specimen It is not clear whcthei an iron ciystal dux mg a tensile pull gives way 
upon the dodecahedral planes or on the cube plains Slip m a ciyptal usually 
occurs most easily on the planes containing flic gnatest number of atoms per unit 
area, and m the case of a-iron, these aic the ihomb dodccahedial or (110) planes 
Observations, however, favour the assumption that slip m a non takes place on the 
cubic or (lOO)-planes The limits of proportionality have an average of 219 tons 
per sq m , the results are all low when compared with that foi crystalline iron where 
the value attains 8 tons per sq m No relation between the tensile strength and 
the limit of proportionality was observed The elongation shows a tendency to 
vary in accord with the tensile strength , the data were very variable when com 
pared with the tensile strength The modulus of elasticity avexages 12,016 tons 
per sq in There are no wide variations m accord with geneial obsei vat ions that 
the condition of a metal — cold worked, annealed, etc — has but a small effect on 
the elastic modulus F Sauerwald and co workers observed that single c rysUls of 
a-iron at the temp of liquid air readily ruptuie along the face of the < ube Ac rorcl 
mg to F Osmond and C Fr&nont, the mechanical propel ties of single uystals are 
a function of the crystallographic planes m relation to the direc tion of stress The 
extreme brittleness displayed along the planes of cleavage is associated with high 
plasticity m other directions G P Fuller found that the yield point of 99 965 
per cent electrolytic iron, annealed to remove hydrogen, is 23,000 lbs per sq m , 
and the tensile strength is 40,000 lbs per sq m The 
metal can be annealed at a high temp and quenched 
without affecting its properties 

H Qumney observed that the Ac 3 arrest with single 
crystals was not influenced perceptibly by strains , and 
the subject was studied by J Seigle, and H (Jness and 
H Esser F Sauerwald and T Sperling observed that 
the Ac r arrest of iron is lowered by deformation , the 
„ „ - Ail-arrest is raised about 1° , the Ac, arrest is lowered 

Cbanzt of volume dv/v*!o 4 about 4°, and tho Ar 3 -airest is rawed about 4° 
©a* rnu m H Hanemann and R Yamada obsei ved that the sp vol 
TeSe Stre^on the of steel ls , greased temporarily by elastic stress, and 
Volume of Steel permanently if it be deformed when m a state of plastic 

flow The dotted lines, Fig 203, show that the vol of a 
number of steels increases with increasing tension, and the continuous curve 
represents the increase m vol which occurs when plastic flow begins B MaeNutt 
and A Concilio observed that when stressed m a testing machine, steel makes 
noises The load at which the first noise is heard is constant for a given material, 
and it occurs m the neighbourhood of the yield point 
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The physical pioporties of steel are mainly dependent on j(i) the previous histoiy 
of the metal , ( 11 ) the chemical composition, i e the iclative proportions of the 
other elements present, (in) the clistnbution of the different structural con- 
stituents, u the relative proportions of feinto, cementite, etc, present, and 
(iv) the size of the giams F Sauerwald and K A Pohle found that the brittleness 
of iron below 0° is not appre ciably affected by the gi am si/e L Ljamm found that 
the tenacity of different steels vanecl as the s l/e of the peaihte giams at the same 
finishing temp , and A Riuvem obtained the results indicated m Table XVIII, 

Tabt* XVII T — Pm Ruaiton biiwhn ihl Grain sr/* and TtNsnr Strength 


Si/c of grain in 0 000 1 
sq tnni 

'[ ( milt 8tn ngtli (kgrnw 
p< r h<i mm ) 

1 longAtlon (pu unt ) 

Reduction of uca 
(p<r cent ) 

HB 

(>9 2 


20 

118 

70 1 

100 

22 

U 

77 7 

22 5 

35 


and found that if A denotes the average area of the grams m sq mm , the tenacity, 
T , m kgrms pci sq nmi , is T 7 — 75 5—0 004-4 Observations on the effect of the 
gram size on the mechanical properties have been made by J 0 Arnold, 
F C Thompson, W K Dalby, W H Bassett and C H Davis, R Arrowsmith, 
W Rosenham and J 0 W Humfrey, R E Fame, E Houdremont and co-workors, 
E Soldi/, II von JUptner, F Osmond, 0 von Keil and 0 Jungwirth, and 
H T Angus and P F Summers C A Edwards and L B Pfeil found that a 
test piece with 28 crystal grams per sq mm had a 
tensile strength of 17 2 Ions, and with decreasing gram 
si/e the tensile strength remained steady until about 
84 crystals per sq mm were present, aftei which, the 
strength increased rather lapidly to about 20 tons per 
sq mch at a crystal size of 145 , with a crystal size of 
166, the tensile strength fell to 17 tons per sq m , 
and any further decrease m crystal-size had little effect 
since the tensile strength remained about 17 tons per 
sq m for all samples with a finer gram than 166 
The curve thus shows a definite maximum which also 
corresponds with the maximum for the limits of pro- 
portion The cause of the discontinuities has not been 
explained It was not due to the contact of the metal 
with hydrogen or nitrogen 

0 A Edwards and L B Pfeil observed that de- 
carbuuzed ferrite aggregates gave practically constant 
maximum stress and. elongation values as the gram-size decreased from 27 to 307 
grams per sq mm W Rosenham and J C W Humfrey summarize their results, 
Fig 204, as follows 



t ? 3 4 5 6 7 
Average crystal area m 10 sqm 

Fig 204 — The Effect of 
the Gram size of Crystals 
on the Tensile Strength 
at Different Tempera 
tures 


Commencing ■with the material at the higher temp , that is, well above Ar 8 , it 
possesses the mechanical pioporties and the microscopic behaviour of an aggregate of 
crystals, themselves xolativoly strong, embedded m a viscous fluid Throughout the 
y range those < haifu teristus are maintained although the actual fluidity of the inter 
orystallmo cement no doubt diminishes steadily with decreasmg temp The allotropic 
modification which occurs at Ar s affects the crystals alone without altermg the character 
and piopei ties of tho c oment , as a consequence of the allotropic change, the crystals become 
very considerably weaker, so that the relative importance of crystals and cement from the 
point of viow of strength is reversed after passing Ar 8 , the crystals now bemg relatively 
weak, yield first, while the cement is relatively hard and stiff This change makes itself 
felt in two ways m the first place, tho tenacity temp curve drops suddenly and follows 
a totally different < ourse from that which governed its path m tho y region, and m the second 
place, the strength of tho material is now very largely dependent upon the crystal size, 



42 


INORGANIC AND THEORETIC \L (JHKMIS1 in 


since the proportion of the harder and strongci ei monting mat u ml is mu< h higher m a fi ne 
grained stiucture than m a coarse grained one and the jnesemn ot this haich r material 
makes itself felt more directly, and also indirect ly by a< ting ns a stiih mnr whx h u Hists the 
tendency of tho crystals to undergo plastic dofoxmation r Ih< la<t that tins mtluenco of 
crystal bizo is really duo to tho proscru e of an amorphous cement is hu < In i < ontu mr d by the 
observations which show that if tho rato of stunning ih cxticnul\ slow tho mtluenco of 
crystal sue practically disappears, tins b< mg m at c ordain c w it h tho \ u w < hat at 1 in ho slow 
rates of straining tho cement even at this lowei temp will until i go wscoui flow The 
allotropic change at Ar 2 , although clearly indicated b\ diw ont mint n s m all tenacity 
temp curves, does not make itself felt very strongly in any of the obxoi vat ions, and beyond 
the fact of establishing the existence of a mechanical discontinuity tho obst rv at ions throw 
little light on tho nature of the change from p to a iron The be ai ing of i ho result « of these 
observations on tlio allotropu theory of the hardening ol st o» 1 is of some mt exist An 
inspection of tho temp tenacity curves cluuly shows that the allot topic thnngo at Ac a 
or Ar brings with it the greatest change in mechanical propeitiis f J h( qu< turn whether 
the p modification of iron play s the principal part m the luudc mag of sf u \ 1 still an open 
one The shape of tho curve does not justify any very definite < \trapolatum towards the 
ordinary temp , although it seems tolerably coi tarn that if the y or p < ui u < ouJd b< pmdueed 
down to the ordinary temp it would coin spond to material \eiy mitt h hui<l< i than a iron 
Whether, however, those two cuivos would retain thru rilatuo positions, thus making 
the y iron the harder at the ordinary t< mp , or whet her the two < urw h may < loss, < annot be 
concluded from these observations All that can bo definitely hu<1 is that at least one 
important transformation takes place m non at a temp mai 000° and that tlustianfl 
formation results m tho formation of a considerably harder and stronger laxly, UHually 
called y iron A similar but much smalloi diango is indicated definitely at the temp of 
Ar 2f and it is difficult to leconcile the occunence ot such a discontinuity with C IU n< die ks^ 
theory which regards p iron as a soln of y iron and a iron On tho other hand, tho 
obseivaiions, apart from the mechanical discontinuity, do not indicate any viry staking 
difference between^ and a non 
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R Arrowsnnth’s observations on the eftott of gram w/e on the extension of 
armco iron at the yield point are summarized m Fig 205, for <t sample annealed 
at 1050° for 7 hrs when the number of grains win 87 per sq 
mm , annealed at 920° fox 90 mm when 220 gmms per sq 
mm were present, and annealed at 770 u for 1 ( ) his when 
1000 grams per sq mm were present V V Thompson 
found that for a number of metals the clast u limit, li } is 
very nearly E~ 1 5 ncr/d, where n denotes the number of 
crystals per sq cm , a denotes the surface tension, and d 
denotes the thickness of the mtcruystallme him This ex 
pression assumes that tho elastic limit is a measuto of the 
strength of the mtcrcry stall mo junctions Hufiiuent data 
are not available for satisfactory tests Tho subject was 
discussed by W von Moellendorff and «f (Vodualsk), and 

l<ra 205 r i he Effect ^ ^ ^ardy ^ Hanemann and R Hm/mann found only 

of Giam size on the a ^8^ variation m the tensile strength of steels with a 
Stress Elongation gram si/e ranging from 90 to 25 

Curves W S Farrcn and G I Taylor found an increase m the 

internal energy of tho metal m an overstrained state, and 
with mild steel they estimated an increase of 14 per cent of the work done Con 
nrmatory results were obtained by H Qumney P Lasaroff said that the elastic 
lmut of iron is proportional to N^ 8 , where N is the number of atoms per c e 
The theoretical basis of the formula means that the mtererystalhne forces can bo 
neglected, the mtermolecular force is proportional to the atomic concentration 
and a certain power, the same for all metals, of intormolecnlar distance 
wVT?’ har ^ n f® 8 * E Marke, T Moms, W IS Koch, T II Beam, 
W M Wilson and W A Oliver, and R R Kennedy and G J Oswald found that 
titamum, even m small proportions, considerably lessened the gram growth, and 
"7 -*dftnemann observed that with graphite present as coarse grams, tho tensile 
strength of iron was 10 to 14 kgrms per sq mm , whilst it was 20 to 24 kgrms 

element mm present as fine ^ ams See hydrogen, for the effect of that 
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r H W Tafcl and H Scholz discussed the distribution of the stresses m test bars of 
different shapes L H Appleby, W Ast, C Bach, C Bach and R Baumann, W Bag 
shaw, J Barba T H Beare and W Gordon, A L Boegehold, H Bomstem H Brearley , 
p Breuil R Buchanan, R H Cabena, R C Caxpenter F J Cook, A H Dierker 
j Donaldson, I Durand H J French, W Gordon and G H Gulliver, W Hackney, 
p A Heller JI A Hoi/ H M Howe and co workers, H Hubert, T H Johnson, B Ivirsch, 
P Kreu/porntci, R Jvuhncl, 0 Loydo, T T Mackenzie, J D Mackmson, R S MacPherran 
A Martens A Manager R Moldonko, J Muir A L Norbuiy, P Oberhoffer and 
W Poonsgen, D A Oliver, 7 G Pearce, A Poitevm and co workers A Pouilloux 
j S G Pnmroso, P Reuscli G II Roberts E V Ronceray W H Rother and 
V M Mazurie, M RudclofT, h Saucrwald, H B Seaman J Seigle J Shaw, H H Shepherd, 
T O Staub A le Thomas and R 77ms W 0 Umvm, h R Verity and A Bmns G B Water 
house, 0 Welt* i,l i) West, M () Withu and W Wood examined the influence of the 
form of the test pieces on t lie results F P Withrow and L C Hiodner, and J G Pearce 
the effect of machining and u mo\ al ot skin R H 1) Barklie and H J Davies, the effect 
ot films of electrode posited metals, h G Cokoi the effect of polishing I J Cook 
K L /©yen, I and! Truth* it, ond f F Stead, the mode of casting T E Hurst the effect 
of temp of casting u(U nifta J Pause lunge r B Blount and co v or keis H Stradtmann 
J T Bottomlc\ JH I < baste ui D Maitland, the efkc t of tho timo of loading on the results 
and 0 Bauoi, I\ Hopfu, O Ivnaudt, V Pomp and S Wciehcrt R L Templm, L C Tyte, 
H Wald and I< Wust and W V Huntington the degicc ot accuracy attainable m the tests 

A Pomp measured the effect of cold work on the tensile strength, m kgrms 
per sq mm, and Brinclls baldness of electronic iron, and of iron with 003 
per cent caibon, 0 01, silicon, 0 29, manganese, 0 028, sulphur, and 0 019, 
phosphorus The results are indicated in Table XIX F 0 Thompson and 

1 uinc \l\ Ioiui oi ( oil) work. on iiii Mmuanicai Proper rii s os Iron 
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WE W Millington studied the < k ffeet of varying diameters on the clastic constants 
of wires, and found tin results indicated in Table XX R L Sanford and 
co workers also found that the effect of w<ar on steel wires is to mcreisc the 


tensile strength per unit area 

Tabu XX- T in* ot Varywo DrAMrrERS on thf Elastic Constants 

oi Wires 


Diameter 

(Inch) 

| lonspuaq Inch 

Percentage 

elongation 

In 4V area 

Reduction 
of area 
(pei cent ) 

1 lantic limit 

7 kill point 

Maximum stress 

0 J00 

18 6 

210 

34 5 

35 0 

62 0 

0 212 

18 0 

23 9 

35 1 

35 1 

03 3 

0 176 

18 0 

24 0 

34 7 

35 3 

04 0 

0 128 

17 0 

22 8 

37 0 

36 0 


0 092 

17 0 

21 8 

34 6 

36 8 

67 k 

0 064 

10 J 

20 4 

34 2 

39 2 

69 1 

0 040 

15 0 

19 8 

34 1 

41 4 

70 3 

0 030 

152 

20 0 

34 1 

42 5 

71 2 
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V Goerens rcpicsoirted the effect of cold-work m tenns of percentage reduction 
of area on the tensile properties of <1 soft basic Bessemer imld steel, on a medium 
steel, and on a haul steel, by Big 200 - the dotted curves refer to percentage 
elongations, the others to tensile strengths P Gouens give for the elastic 
modulus iJxlO 0 kgrms per sq cm for drawn wire, and Ii x /W for the 
annealed wire 
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Fxa 200 — The Effect of Cold work * io 207 —The Hffoc i of ( V>ld work on 

on tli© Tensile Strength of Steel Arnuo Iron 


R M Brown found that cold drawing does not much affect the elastic modulus 
of iron and steel, but it may double the tensile strength For mild steel, the limit 
of proportionality is increased by cold drawing H Ktoken and W Hcidenham 
found that with a 0 26 per cent carbon steel, with a 15 per cent reduction m dia 
meter, the tensile strength rose from 85 to 180 kgrms per sq mm R L Keynon’a 
results with arrnco non are summarized m Fig 207 Observations were made by 
I Adachi, F J Cook,W Bromewsky and I Krol, C A Edwards and J 0 Jones, 
E Fangmeier, J Feilen, J R Freeman and A T Derry, R Giraud, K Honda and 
R Yamada, E J Jamtzky, W Knackstedt, W KosteranclH Tiomann, E Marks, 
A de Mameffe, F S Merrills, R W Miller, F Packer and F Schmitt, L B Pfeil, 
A Pomp, A Pomp and W Albert, W Pungel, S H Rees,E L Rhead,W Rosen 
ham, F Sauerwald and co workers, T Swmdon and G R Bolsover, and 
R L Templin E Gruneisen gave Ex 10 6 =*1 329 for cast steel with 2 7 per cent 
of graphite and 0 8 per cent of combined carbon, and 2?xi0 6 “l 050 for cast iron 
with 3 0 per cent of graphite and 0 5 per cent of combined oarbon For the 
relation between tensile strength and hardness, vide supra, Table XIX L Rurup 
examined the changes in composition of steel during mechanical treatment, ana 
found 

lotal C Combined O Mn P SI 

Crucible steel 0 804 0 80 0 240 0 030 0 201 

After rolling 0 800 0 78 0 263 0 0465 0 0238 

Annealed wire 0 801 0 775 0 2625 0 0415 0 235 

F Schmitz gave for the averages of 200 basic steel bars, and 200 acidic steel 
bars, with carbon ranging from 0 45 to 0 54 per cent 


Basic steel 
Acidic steel 


Blast 1c 
limit 

(kgrms^gc^su mm) 
39 9* 


Breaking iUo&g&tlon 

stress (portent) 

(kgrrus persa mm) 

7173 16 83 

72 39 16 49 


i Reduction area 
(per cent ) 


4058 
36 07 
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A Sattmann studied the effect of the mechanic d treatment of acid and basic steel 
jp^ot The acid steel had 0 19 per cent of carbon, i tensile strength of 26 tons 
per sq m , an elongation of 21 5 per cent , and a reduction siei of 59 per cent , 
whilst the basic steel hadO 15 per cent of carbon, a tensile strength ot 22 8 tons 
per sq in , an elongation of 2b 5 per cent , and a reduction of area of 65 per cent 
■When reduced at different temp , b> a rapid striking hammer from a thickness of 
0 39 m to one of 0 35 m , the mechanical properties were those indie ited in 
Table XXI The and met il hammered at 200° could be bent double when cold, 

f tABXl XXI — Ml < 11 \M< U J’&OPlKlIiS A I 1 1 It IlAMMlBlNO AX DllILBX.Nl 

1 1 Mil RY1UKLS 


Aud metal 

Basic metal 

|8 

feiMh 
hti< ntftl) 

CtoiiH pc i 

H<1 inch ) 

Lion# it ion 
<p< I cent ) 

Reduction 
oi net 
(pti cc nt ) 

Tensile 
truifftli 
(tonft pi r 
sq inch) 

EloiiMd mu 
(per cuit ) 

Reduction of 
aid 

(pu cent ) 

- 10 

-20 i 

i l r > 

50 S 

25 2 

19 5 

04 0 

\ 10 

U { 

7 

55 7 

2b 1 

7 5 

04 6 

10 

{1 r > 

7 

50 0 

{0 1 

7 

55 5 

200 

{7 0 

1 

{7 8 

{0 7 

7 

57 2 

{20 

{7 5 

l 

47 2 

{0 7 

7 

50 7 

000 

27 6 

12 

50 0 

27 2 

10 

50 0 

800 

27 0 

10 

50 2 

25 0 


04 7 

J000 

20 0 

22 r > 

01 5 

21 1 

■ 

07 0 

1100 

20 2 

22 5 

02 5 

21 1 

21 

07 { 

1 {()() 

20 { 

18 7 

01 0 

22 9 

i<) r > 

08 9 


but showed small tracks at the bend, that hammered at 320° (blue heat) broke 
when bent at an angle of 20° The basic metal with a similar treatment could be 
bent double but showed slight tracks The bars subjected to a temp of —19°, 
had a lower tensile strength but a much greater elongation and reduction of area 
than the bars treated at slightly higher temperatures The best temp for the 
mechanical treatment of ingot metal would appear to be that of a bright red heat 
The effect of annealing the hammered bars is shown in Table XXII The bars, 

Tabu XXU Tm b m 1 1 of Ann*alin< Hammlbiu Bars ai Dioibfnt 

TFMmtATURX S 


lempuntun 
(dtgm* t > 

Add luttal 

Basic met il 

1 dwelt \ 
(tona po 

Hti inch) 

1 lonKtttion 
<ptr << nt ) 

1U dm t Ion 
of vrui 
(per ctnt ) 

luiacity 
(tons pci 
sa inch) 

ldongation 
(per cent ) 

deduction 
of area 
(per cent ) 

200 

■MM 

27 

61 7 

22 7 

10 0 

IIP 

320 

iMtM 

24 

62 4 

22 9 

28 5 

Hi 

600 


20 

01 1 

23 3 

29 0 

BUI 

800 


24 

01 1 

22 8 

110 

■Hal 

1000 


21 

05 1 

2)1 

29 0 

71 <> 

noo 

27 2 

21 

64 9 

22 7 

340 

71 8 

1300 

25 7 

22 

04 9 

22 4 

40 0 

73 0 

X ot heated 

2(> 0 

24 5 

59 0 

22 8 

28 5 

65 0 

Tested at IV 

25 8 

19 0 

03 9 

23 1 

26 5 

80 8 


which had been treated at a bright white heat, became much softer and more ductile 
by this treatment , but those treated at somewhat lower temp were not softened to 
so considerable an extent The results show that heating the material to a } ellow- 
or a blue heat has no influence on the properties of the cooled down bar Heating 
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to a white-heat affects the qualit) of the add met d, hut doc b not appear to havo 
much influence on the basic metal The otic < t of hotting the hummered bars to 
various temp and then plunging them mto water at b ' is shown m Table XXIII 


r I \blp XXIII Liu K*nci ojb QuKwrnNcj Hammi hi i> Bars mow Dimarara 

Tjhmii raix m s 



V< Id manual 

IhiMi mat< rial 

Innptrxtmt 

((ICRII (S ( ) 

neili 

Htrt ngth 

I lonnatU>u 

10 duct ion 
ot area 
(pi runt ) 

luislli 

t tr< ngth 

1 hmgation 

Reduction 
of area 
<I«*r icut) 


(tom per 
aq inch) 

(per cent ) 

(ton* pn 
sq huh) 

(in r < c m 1 

200 

21 * 

22 r > 

<>r> t 

2*0 

U<> 0 

05 5 

*20 

212 

24 0 

o r > o 

2U> 

2S 0 

M \ 

COO 

20 5 

10 0 

02 7 

21 0 

22 0 

07 3 

S00 

*<> i 

no 

51 S I 

18 * 

1 i r > 

50 0 

1000 

*i * 

20 0 

00 0 

20 * 

t >0 

00 I 

noo 

*2 2 

20 0 

(>l 1 

20 0 

1 1 0 

(HO 

I *00 

m 

10 0 

no 

U) 7 

12 0 

05 5 


in both cases there is a first maximum it nsilc strength at 800 followed b> a drop 
md then by a further increase The basic steel heated to a blue lit at gave much 
better results on testing than did the a< id metal With the exception of the bars 
heated to a white heat, annealing softened the metal complete 1\ Those heated 
to the temp of 1300° still remained hard eve n after t his annealing ! ( Voehralsky, 
L Gmlltt, Z Jeffries and E S Arc hot, F Korber, F Korber and K Wallmann, 
A Lundgren, W l’ungcl, T V Russdl, F Saueiwald, and C \\ \ earsley discussed 
the effect of cold work on tlu tensile properties of steel , H van do Loo, the effect 
of picklmg ml galvanizing , and K Honda, the effect of the foigmg temp on the 
tensile strength 

Z Jeffries and K S Archer assume that the effect of temp on the tensile strength 
of metals agrees with the assumption that the cohesion depends cm tlu relative 
magnitudes of ( 1 ) the mt ere rystallme cohesion, le the 
cohesion of the assumed amorphous material between the 
grains, and ( 11 ) the mtcrcrj stall me cohesion, te the co 
hcsion within the crystal grains Anal} /mg the curves 
oi the relation between the rupture strength and temp 
with metals which suffer no allotiopic change witlun the 
range of temp considered, Fig 208, has shown that 
(i) at the higher temp , the interciystalhne cohesion is the 
smaller of the two, so that rupture o<< urs along the gram 
boundaries Plastic deformation or viscous flow is cha- 
racteristic of amorphous materials, and it resembles the 

flow characteristic of that of licjuids, where the viscosity 

Cohesion — is very largo at low temp Whilst the rupture strength 
*ig 208 — Idealized of a crystal depends on temp and is independent of the 
lonsilo Strength duration of loading, the resistance to the deformation of 
fnT C c ?L1 u!°I p1 tS- us an amorphous body vanes with the rate and duration of 
tenals n * loading A large load exc rted for a short time is equivalent 
to a smaller load applied for a longer time Here, the 
tensile strength decreases linearly with temp , and can be represented by the 
relation S*x>%-~a$ 9 where & 0 denotes the tensile si rength at 0°, N, the tensile 
strength at 0 and a is a constant showing the rate of decrease of 8 with temp 
Again, (n) at the lower temp , the lutercrystallmo cohesion is the smaller of the 
two, so that rupture occurs across the grams themselves Hero, the tensile 
strength increases very rapidly with temp and the relation between temp and 


Melting point 
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tensile strength, /S', was found by D H Ingall to be best represented by an 
exponential cqu ition There is a temp at which the two forms of cohesion are 
equal — the critical cohesion temperatu?ei> In accord with the suggestion that metals 
behave as if they are composed partly of a cryst dime and partly of a viscous solid, 
and that the vise ous flow occurs at the higher temp , and the critical cohesion temp 
marks the minimum limiting temp for viscous flow, 1) H Ingall said 

lor this icasou it is suggested that the straight lino ox lowei temperature cui\e is the 
all important ono to tlio engineer, foi, at a tempeiature beyond xt that is, beyond the 
critical inflation tempo atui© which limits it, a metal ox alloy will only be of mechanical 
use 'when it is subjected to a stitbs which is insufficient to overcome the resistance to flow 
due to friction, etc , or a cvclo o* stresses winch do not give time for flow 

S Du^hman represented the relation between the tensile stress, 8 , and the 
absolute temp , 2, by the exponential equation 8=^S 0 e A l T 9 where, by analogy 
with numerous other chemical and physical reactions, the term A can be represented 
b> Q/R, whne R is the gas constant 1 986 cals , and Q denotes the heat, or may be 
energy, of tlie if action per gram atom or gram molecule at the absolute temp 
T- 0°, oi it may be the heat of the evaporation per gram-atom or gram molecule 
respectively N Divdiman ind I Langmuir also represented the relation between 
the rate of diffusion of me t ils into one another as a function of temp , so that if D 
denotes the diffusion constant at T° K , and D 0 a constant, then D~D 0 e~-Ql m \ 
where Q denotes the heat of diffusion per gram atom or gram molecule When, 
say, /me diffuse s into non, the diffusion occurs by an interchange of adjacent atoms, 
Q may be regarded as the energy required for a gram-atom of /me to replace an 
equivalent amount of iron 

If Q denotes tlu latent heat of evaporation, then, according to L Boltzmann’s 
hypotheses -1 12, 9 the amplitudes of vibration of the different atoms are not 
eqinl, but vary fiom zero to infinity in accord with a definite distribution law 
Consequently, it any given temp , there are some atoms for which the energy of 
vibration is in < xt< ss of that required to separate them completely from the space 
lattice, and the probability of the occurrence of atoms of such a high energy content 
will govern the rate of evaporation, so that if P denotes the probability that an atom 
will evapox ito at) the temp T } then P— P 0 e~~Q IRT , where P=P 0 when T attains 
its maximum value , i c when the temp is indefinitely large Here, P decreases as 
T decreases JIcnte, continued S JDushman, the probability that an atom m a 
gram boundary will be able to move past an adjacent atom is proportional to e~W RT , 
where Q denotes tlu energy involved in this motion per gram atom of the metal 
The tensile stre ngth is a measure of this probability, and thus the variation of tensile 
strength with temp assumes the form indicated above B Becker studied the 
plastic deformation of crystals from the crystallographic point of view He 
said 

Undu the action of showing stresses there occurs a gliding of the material on definite 
crystallographic planes, and m somo cases also the direction of gliding within the surface 
is determined crystallograpluoally Hie lowest shearmg stress required to initiate the 
gliding is know n as the elastic limit This limit is never measured exactly , it is 
possible only to state that load which, with the measuring arrangement used, is just 
sufficient to pxoducc an obsoiv&ble extension We assume that on the body to be 
doformc cl wo apply sue h a load that on the ciystallographic gliding plane a shearmg stress, 
s is effective winch is less than tho limiting stress, b, and we consider especially a definite 
gliding j)lano In coxiHoqucnco ot tho incgulai thermal motion, tlie force acting along the 
gliding piano will undergo lirogulai oscillations about the average value, 8 if now the 
limiting value, A, ih ext ceded foi a short time, a gliding action will suddenly be started 
during such an instant Tho plasticity of a crystal is thus affected by thermal oscil 

lation phonomon i, which leads to tho consequence that at one instant gliding will occui 
on ono piano and at anothci instant on another plane, the occurrence of gliding on any 
paiticulai plane bung governed by tho law of probability 

He tiitu calculated the iaU of plastic deformation, U, and found tint it can be 
represented by Z7-=. Z7 0 e — /RT, where a is a constant connected with the 
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elastic modulus, and the quantity a(ti~ s)-* represents an imount of eiurgy equi 
valent to Q m the preceding equations J Frenkel assumed that gliding is similar 
to that of two toothed surfaces, but R Bet kcr objected that if so a stn ss N, would 
be required, to produce a shearing break and not a plant it deformation It is 
characteristic of plastic deformation that it must proceed with a definite velocity 
W Rosenhain stated that when mild steel undergoes plastic deformation, 10 per 
cent of the work done is converted into heat, and the remamdei dot s internal work 
of some kind The subject wis investigated by H Qtunney, W H Farren and 
G I Taylor, and C H M Jenkins and M L V Gayhr W Bnunbt k has tried 
to describe the phenomena of fusion, and ionic conductivity in accord with 
L Boltzmann’s probability theorem 

According to P Ludwik, the physical properties of metals, not dloys, when 
plotted against equal fractions of their absolute mp , almost (oinnde i q if the 
absolute m p of a metal be J 255°, the metal at half this t( mp has nearly the same 
tensile strength as another metal at half the absolute tern}) of its own m p M Plant 
said that the elastic properties of metals indicate that the fore < requin d to displace 
a particle ui a solid is small for small displu cments, me leases linearly up to the 
limit of proportion, and then increases more slowly up to a maximum, after which, 
it falls, ultimately becoming /eio when the ( ohesion is over< ome The ate i lx neath 
the resulting curve gives the work of separation , and the wmk of stparahon is 
given by the heat of sublimation The tensile strength of solids falls below the 
values calculated from this assumption, although the Bum 11 s hardne ss is approxi 
mately proportional to the heat of sublimation < x< ept in the < use of substances 
with a marked cleavage- eg graphite lias a large heat of sublimation but is weak 
in one direction The increase m the hardness of cold worki d metals is not explained 
on this hypothesis 

E Gruneisen derived an equation of state for solids, and calculated values for 
the cohesive forces between atoms 6 25xl0 u dynes per h<j <m for iron, and 
6 02X10 1 * dynes per sq cm for nickel (3 Tammann found that with iron, slip 
bands appeared with a stress of 2370 kgrms per sq c m when the elastic limit was 
5840 kgrms per sq cm The corresponding numbers for nickel weie 788 and 6570 , 
and for lead, 25 and 102 » R F Mehl studied the interatomic for< es of motab , 
and G Moressee, La resistance des materiaux, rhultante des foren atomiqim, and 
from the dynamic^ of the rotation of the atoms, and other assumptions, calculated 
a value for the elastic limit and its variation with temp He thus ( ah ulated the 
elastic limit of iron, at absolute /eio, to be 2300 kgrms per sq <m , at 15 % 1400 
kgrms per sq cm , and at 1027°, 368 kgrms per sq cm For steel, lie < alculated* 

200° 400* C00° BOO 9 1000 U00* H00* 

Elastic limit 3160 21440 1800 1240 480 200 0 

M Born calculated values for the cohesive strength of ionic lattices, and obtained 
values for the energy of the lattice, U per gram molecule, of the alkali halides in 
agreement with observation J E L Jones and co workers were also able to 
deduce values for the elastic moduli, and the surface energy This also shows that 
an approach is being made to obtain a theory of cohesion based on atomic structure 
M Bom, indeed, assumed that the mechanical cohesion of the space lattice, and 
the chemical attraction of the ions are one and the same F Zwicky calculated 
the theoretical ruptuie or tensile strength from the lattice energy U There is a 
marked discrepancy between the measured tensile strength, and the calculated 
cohesive force This was discussed by S Gushman The explanations of 
G Cook, E Goens and E Schmid, A A Griffiths, K Hohenemser and W Prager, 
E Jaemchen and F Sauerwald, T M Jasper, A Jofle, H Kotte, P Nemenyl, 
M Polanyi, W Prager, H Reissner, W Schmidt, A Schob, H Teitsch, and 
J H C Thompson, A V Stepanoft, H Mussmann, W Fahrenhorst and 
E Schmidt, O Manfred, and W Widder are m agreement with that of A Smekal, 
who said 
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r tlio only logual <<m<lusion to w count foi tho chfioienco betweon technical and 
theoretic al i uf >t uro st rongt h of mat orials ih the assumption that ordinary tec hmcal materials 
are far from being liomopc nc ous, os wo have always assumed, but tliat they have many fine, 
microscopic and hubmicioscopu holts, ciacks and othoi mhomogeneities which decrease 
the technical strengths as compared with the mokculai stiength The former is thus 
determined on tho basis ot a mu loscopic sticss chsti lbution, behind which there is hidden 
a quite drift i< nt hurt of im< iohc opic «trc ss dint nbut ion whit li depends on the mhomogeneities 
present m tho mate rial r I he old < xporic nc o that to irsely crystalline material possesses 

a lower (tc c hmc al) site ngth than fine ly c i ystallme thus receives a very obvious explanation 
If tins mow is correct, the stiength ot any material should bo considerably increased if 
care is taken to ic duco to a minimum tho o< turn nc o of < lacks and other mhomogeneities 
by choic o ot ( oik npondmgh small dime unions and < aioful thermal treatment of the body 
imdoi test In fac t it has b< on known for a long time, for example, that very tlnn wires 
aio mu< h strongc t than thu kei win h , m tho ulc al limiting case of a smgle chain of mole 
< ules tho ruptuto rirt ngth would lx c omo of tho sumo magnitude as the molecular strength 
l<iom the above it marks wo must < one lucio that tho technical strength does not xepxe 
sent, in gone nil, a ph\ sic al < oiwtant < lmrac tc rishc of a given material, wheieby the practical 
significance (ot such a value) ih naturally not taken into consideration The physicist 
require h for hi« puipono a modification of tho material which is as free from flaws as 
possible and roproduc lblo m ovc ry respect, and tliat is the single crystal As a matter of 
tact, it is found that not only tho rupture strength but also as has been shown by G von 
Hovoat, tho elect roly tic as well as thcumal conductivities are quite different m the poly 
crystalline state fiom those of single < rystals 

and with that of F Zwk ky, who said 

4 Smokal t limbs t hat ac tual c rystals are never of an ideal geometrical structure, but 
are made up of a great many rmcrosc opic blocks leaving cracks and other imperfections 
between thorn We might c all sue h a struc ture a mosaic crystal, according to a term used 
by P V Kwald A Smokal < orrolatod this conception with 
a great many facts such aa electnc conductivity, olectno 
strength, photoelectric absoiptxon, otc Ho succeeded m 
determining tho si /o of tho elementary blocks in a half 
empirical wa\, and he found that they contain m the case 
of rock salt and in many other cases about 10,000 atoms 
each As A SmokaTH considerations enable us to under 
stand a groat number of fac ts, it has to be conoluded that 
the formation of cxuc ks and bloc k« < annot be of a purely 
accidental nature Otherwise, tho surface cracks should 
occur m all kinds of different si/os on different samples 
But then, it ih impossible to undei stand why the technical 
breaking strength is a relatively well defined quantity, as 
the different samples of a crystal would break on applica 
tion of widely vax lod specific stresses 

According to A Smokal, the rupture strength of a 
single crystal must increase with a decrease m the 
dimensions of the crystal until it approaches molecular 
strength, and that for any given material there is an 
upper limit for these dimensions Z Jeffries found the 
tensile strength of a tungsten ingot of diameter 200 x 25 mils to be 18,000 lbs 
per sq m , of a swaged rod 26 mils diam , 215,000 lbs per sq m , and of a 
drawn wire 1 14 mils diam , 590,000 lbs per sq m — by extrapolation, in the 
limiting case as the diameter approaches atomic dimensions, the tensile strength 
will approximate 800,000 lbs per sq in A A Griffiths, M Polanyi, and A Smekal 
showed that the rupture strength, S, is related with the surface energy, cr, by 
an expression analogous with Sl> 2a, where l denotes the elongation, or gram 
diameter The calculated value of Z, about 5x10-* cm, is about 500 times 
greater than the distance at which the attractive forces between the atoms should 
vanish To evade the difficulty it was assumed that the rupture strength increases 
when the elongation required for rupture is less than 5 x 10”* 6 cm This means that 
the rupture or a smgle crystal is not a definite magnitude corresponding with the 
cohesive forces With smgle crystals of zinc, the round wire during elongation 
becomes a flat ribbon, the width of the ribbon being slightly greater than that of 
the original wire G Masmg and M Polanyi represented the mechanism of the 
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Fro 209 — Mechanism of 
Slip with Crystals of Zinc 
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slip of single crystals of zinc by Fig 200 The diagram on the left represents the 
basal plane , the large arrow indicates the direction of maximum shear, and the 
small arrow lying m a direction parallel to one of the prism Hides grn s the direction 
of slip The elongation is accompanied by a continued strengthening of the crystal, 
due, according to M Polanyi, to the bending of the slip planes so that the resistance 
to slip is increased M Polanyi suggested that this result is due to changes m the 
crystal units themselves , whilst W Geiss and JAM van Licmpt attribute the 
phenomenon to the deformation of the atoms The subject was discussed by 
W Rosenham and J McMmn LAG Bruggeman discussed the elastic anisotropy 
of iron 

Observations show that there is an increase in the rupture slrcngth with m 
creasing fineness of gram, and there is a further increase by < old working 
M Polanyi, and E Schmid showed that the rolling or drawing of a metal does not 
destroy the crystal unit, but there is merely a re orientation of certain planes ho 
that they lie m the direction of the axis of the wire or the plane of rolling mde 
supra, the crystals of iron The crevices m the lattice structure of the crystals are 
independent of temp , and the relation between surfac e tension and rupture strength, 
indicated above, means that the effect of a variation of temp m the one case will 
be attended In a similar effect in the other case Surface energy decreases almost 
linearly with temp, and the tensile strength should theieforc follow a similar 
relation Surface tension increases with a clec lease in grim size*, and tins is also 
the case with the tensile strength If there be no great vauation with temp m 
the cohesional forces between atoms, the latent he at of evuporat ion will be a rrn asure 
of the lattice energy, but the latent heat of evaporation decreases almost linearly 
with temp , so that the cohesive strength should similarly decrease with temp 
There is an increase of the free energy of a metal whe n it is hardened by doforma 
tion Z -Jeffries and R S Archer found that cold- work increased the tensile 
strength, the }ield point and the hardness, while the elongation and reduction of 
area are decreased by it The cold worked metal, however, immediately after 
working has a lowered elastic limit, but there is a recovery to the original value 
by ageing or by low temp annealing The actual treatment necessary for elastic 
recovery ib dependent on the composition of the metal, and the extent of the 
deformation during the cold working G von Hevesy, W Geiss and JAM van 
Liempt, and S Lushman showed that the diffusion of one element into another is 
very much less with single crystals than it is with the rolled metal Diffusion can 
occur only through an interchange of places among individual atoms owing to 
thermal agitation and a consequent disturbance of the lattice In agreement with 
the failure of diffusion with single crystals, it is difficult to understand how such 
phenomena could occur in an undisturbed lattice Diffusion is more rapid with 
fine crystalline wire than it is with coarse crystalline wire, indicating that the 
diffusion occurs along the boundaries of the crystal grains According to R Becker, 
lattice disturbances are the necessary condition for the subsequent interchange of 
position amongst the atoms At a given temp , these interchanges occur the more 
frequently the more the structure is unlike that of a single crystal In recrystalh 
zation, the disturbed lattice is restored to the undisturbed state and the mechanism 
again involves an interchange of position amongst the atoms The probability, 
P, of such an interchange is given by P~P 0 e~Ql m \ where Q denotes the difference 
in the potential energy of the atoms m the deformed lattice as compared with that 
m the undeformed lattice This is m accord with the fact that the temp of 
recrystallization is decreased by cold working, and R Becker also showed that 
gram growth must similarly increase with temp 

The observations of Z J effries, and W H Bassett and C H Davis show that the 
rate of gram-growth varies with temp as indicated by the equation G^Gf^r^^, 
where G represents the average area of the gram J Czochralsky, and G Masmg 
found that the gram size increases rapidly with temp at rates which mdicate large 
values of Q According to 8 Dushman, the cold working of metals also decreases 
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the rate of gram-growth This corresponds with an increase of Q with working 
just as was observed for the case of tensile strength tests This means that the 
resistance to the motions of the atoms m forming grains is increased by the 
mechanical working, or, expressing the same idea m other words, the probability 
that atoms m adjacent grams will readjust themselves to form a continuous lattice 
is decreased because these grains have been deformed by working 

According to P Ludwik, cold-working distorts the space-lattice owing to a 
movement along the gliding planes , an increase of strength is caused by the 
breaking action of the gliding planes which increases with the magnitude of the 
deformation until the crystal ultimately becomes homotropic The detrimental 
action of alternating stresses is attributed to a reversal of the movement along the 
gliding planes vide vupra, the crystallization of iron 0 W Ellis discussed the 
degree of deformation required to produce a decrease of tensile strength m the 
cold working of metals A H Leblond found that when steel bars nicked across 
opposite surfaces are tested m the tensile machine, the fracture occurs along two 
planes inclined at angles of 45° with the planes of the nicked surfaces, and meeting 
it an angle of 90° 

The work performed when a test-piece is broken by the tensile test was dis 
cussed by M Bom and 0 Stern, P Ehrenfest, M Ensslm, W S Barren and 
G I Taylor, K Honda, H Hort, K Ljungberg, G Wulff, andM Yamada R Plank 
discussed the thermodynamics of the heating of metals which attend elastic and 
permanent deformation A Robertson and G Cook studied the transition from the 
elastic to the plastic state According to 0 Faust and G Tammann, the elasticity 
of a metal can be increased by alternately slowly increasing the pressure beyond the 
first limit of elasticity, and then releasing it, until finally an upper limit of elasticity, 
corresponding with the limiting pressure which produces flow m the metal, is reached 
The metal has, therefore, been hardened by slowly increasing the pressure The 
hardening of metals is ascribed, not to formation of a harder crystalline form, or to a 
change to the amorphous condition, but to a diminution in the size of the crystallites 
of which the metal is composed, owing to the formation of systems of sliding surfaces 
The hardening is, therefore, a preparation for flowing, the latter occurring when the 
systems of sliding surfaces have sufficiently increased The subject was discussed 
by H P Hollnagel, W Kuntze and co workers, A F Torres, J Vietorisz, 

J G Doeherty and F W Thome, G Cook, A Lundgren, H O’Neil and H Green- 
wood, 0 Benedicks- see plastic flow, and R Plank studied the elongation, and 
the reduction of area m tensile tests , L Hartmann, the permanent deformation , 
and R H Greaves, and E L Hancock, the overstrain - vide mjpra 

J Russner discussed the relations between the tensile properties, the sp ht , 
and the electrical conductivity , J Divis, the relation between tensile strength 
and electrical resistance , 0 Leyde, F Wust and P Goerens, A Campion and 
H W Watts, and W C Unwin, the relations between structure and composition, 
and the mechanical properties , and F C A H Lantsberry, C W Yearsley, and 
M Kralupper, the mol changes m steel under tension H Sieglerschmidt found 
that if E denotes the elastic modulus , D, the density , A , the at wt , and a, the 
coeff of thermal expansion, E=CD(Aa) —n, where C and n denote constants 
S H Rees observed that there is a slight increase m the maximum load, yield- 
point, and elastic limit of a strained, 0 85 per cent carbon steel as a result of 
annealing at 200°, and a complete recovery on tempering at about 600° J R Free- 
man and R D France found that cold rolled electrolytic iron had the greatest 
tensile stress perpendicular to the direction of rolling, and that ductility was 
highest m the direction of rolling J A van den Broek summarized his results 
as follows (i) When mild steel is cold-worked and properly aged or tempered and 
subsequently tested m the same direction as that of the cold-workmg, its elastic 
limit may be raised more than 100 per cent , and from 10 to 20 per cent beyond the 
stress at which cold-workmg was discontinued (n) When mild steel is cold-worked 
m one direction and properly aged or tempered, but tested m either one of two 
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senses of a different direction, then its elastic limit m xy be raised some 50 per rent 
(m) When mild steel is cold-worked in one direction and properly ag< d or t< mpered 
but tested in the opposite direction, then the elastic limit lemams at the value of 
the original elastic limit, but the yield point is raised (iv) When mild steel is 
cold worked m any direction and tested m any direction, without any ageing or 
tempering, then the elastic limit falls below the value of the original elastic limit, 
often down to zero (v) Tempering cold- worked steel at temp from 100° to J00° C , 
or ageing cold- worked steel, has a tendency to perfect its elastic properties T« mper 
mg merely accelerates the effects of time The subject was invest ig it < d by A Pomp 
and co workers, A Poxtevm and E Pretct, H Poellem, and B Mayer 

The orientation of the crystals by cold work has been discussed in connection 
with the structure of the crystal lattice of iron Prom the obsei vat ions of 
M Masnna and (3 Sachs, R G Karnop and G Sachs, P W Bridgman, and 
B Gruneisen md K Goeti, T Kawai said that m a metal with crystals belonging 
to the cubic system, it may be assumed that Young s modulus is smallc si in the 
(1(H)) direction, largest m the (ill) direction, and gieatirtinn the mean of these 
two in the (110) direction A polycrystalhnc metal m which the miciocnstnls are 
ouented at random, is isotropic with respect to Young h modulus , but if the metal 
be stretched or drawn, it becomes aelotropic, for a definite axis of the imooscopic 
crystals takes the axial direction of the bar by rotation due to cold working In 
the case of iron and steel, the (110) axis of the crystals gradually takes the direc tion 
of the axis of the bar by increasing cold-woik, and consequently the modulus is 
slowly increased With copper, aluminium, and nickel, the (111) axis of flu micro- 
crystals takes the axial direction of the bar by cold working, and <onsequ< ritly the 
modulus is rapidly increased by cold- working 

L Aitchison and L W Johnson examined the effect of testing materials m the 
direction ot rolling or forging, md m other directions The fibrous structure, 
frequently obviou* m iolled steel, can be compared with the gram of wood, so that 
dnections which are taken longitudinally and transversely to the directions of rolling 
< a n be sa id to lie taken along the gram and across th gram respec 1 1 vely A s< lec t ion 
from the icsults is given m Table XXIV All the samples except that indicated 
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21 5 


212 

20 6 
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38 9 
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Izod \aluo (tl 

25 8 

23 6 

57 4 
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23 8 

58 7 

43 6 
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10 7 

170 

14 0 

27 3 

01 7 

30 0 

740 j 

29 0 

59 0 

10 i 


were normalized, and the tensile results are expressed m tons per sq m The 
results show that the values for the elastic limit, yield-pomt, and maximum stress 
are almost uniform, the values for the Izod or notched bar test are different when 
taken longitudinally and transversely, and the value for the notched bar test taken 
longitudinally increases as forging progresses The fatigue strengths of specimens 
taken parallel and at right angles to the grams do not show large differences, but 
the difference is m favour of the longitudinal material , thus 
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Cast (normalized) 

First forging (normalized) 

Second forging (normalized) 

Ihird forging (normalized) 

Second forging (hardened and tempered) 


longitudinal Transverse 
±13 0 ±12 6 

±162 ±160 

±162 ±136 

±160 ±166 

±196 ±170 


T D Yensen found that for electrolytic iron, melted m vacuo, the limits of 
proportion were 11 kgrms per sq mm , the tensile strength, 25 kgrms per sq cm , 
the elongation, 60 per cent on a 50 8 mm test piece , and the reduction of area, 85 
per cent The effect of carbon has been the subject of numerous investigations 
J 0 Arnold, working with steels containing 0 03 to 0 08 per cent of silicon , 0 01 
to 0 10, manganese , 0 02, phosphorus , 0 01 to 0 03, sulphur , and 0 02 to 0 04, 
aluminium, obtained for the tensile properties, m tons per sq m , of rolled bars, 
R, normalized by heatmg to 1000° and coolmg in air , and of bars annealed for 72 hrs 
at 1000°, Ay and cooled in the luted muffle for 100 hrs with 


Carbon 

0 08 

0 21 

0 38 

0 59 

0 89 

1 20 

1 47 per cent 

Elastio limit ^ 

12 19 

17 08 

17 95 

19 82 

24 80 

35 72 

32 27 

JUlCWavlv mllll ^ 

8 82 

9 02 

9 55 

11 36 

16 81 

16 19 

10 08 

Max strength^ 

21 39 

26 39 

29 94 

42 82 

52 40 

61 65 

55 71 

18 34 

2125 

25 02 

31 87 

36 69 

32 87 

22 33 

Elongation 

46 6 

62 7 

42 1 

42 3 

34 5 

35 0 

19 9 

22 0 

13 0 
45 

80 

60 

2 8 pci cent 
19 0 

Reduction area j ^ 

74 8 

76 7 

67 8 

65 7 

56 3 

50 6 

22 7 

23 3 

15 4 
42 

78 

49 

3 3 

17 7 


The annealed steels with 1 20 and 1 47 per cent of carbon included respectively 
0 28 and 1 14 per cent of graphitic carbon C R Jones and C W Waggoner found 
the stress deformation shown m Fig 210 , and the mechanical tests, expressed 



Fro 2X0 — Stress Elongation Diagram for Steels with Different Proportions of Carbon 


m lbs per sq in , for steels with 0 14 to 0 17 per cent of manganese , 0 15 to 0 19 
silicon , 0 010 to 0 013, phosphorus , and 0 012 to 0 014, sulphur, as well as foi 
iron with 0 058, carbon , 0 071, manganese , 0 008, silicon , and a trace of phos- 
phorus, when they were annealed for 2 hrs at 1000°, and cooled m the furnace, are 

Carbon 0 058 0 6 0 74 0 89 0 98 1 18 1 26 1 37 per cent 

Max strength 16,800 76,600 81,250 95,250 94,600 90,400 84,100 89,000 

Breaking load 22,800 72,750 79,600 93,100 94,000 90 400 84,300 89 000 

Elastic limit 20,000 28,500 28,500 32,000 27,500 25 500 23,500 23 500 

Elongation 28 0 20 0 14 0 13 5 8 0 3 0 2 5 bioke per cent 

Reduction aiea 75 7 29 5 18 2 12 6 11 3 5 96 2 38 „ „ 
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E W Harboid gave for steels, with about 0 02 per cent of sulphur , 0 02, phos 
phorus , 0 020 to 0 98, silicon , and 0 160 to 0 217, manganese, annealed for 30 mins 
it 900°, m lbs per sq ui 

Carbon 0 130 0 180 0 254 0 408 0 722 0 871 0 <147 1 30 per cent 

■Max stiength 48 100 62,350 66,000 72,700 96,780 112,000 1 14 700 99 769 

Mastic limit 29,100 35,500 38,300 40,400 — — 

Elongation 45 0 33 5 32 5 28 0 16 5 11 2 10 0 flTpoicent 

Reduction area 71 16 60 24 54 84 46 26 25 80 15 84 15 42 5 58 

H II Campbell gave for steels with 0 013 to 0 019 per cent sulphur , 0 14 to 0 29, 
phosphorus , 0 012 to 0 013, silicon , 0 068 to 0 20, manganese, heated to 950® 
except m the last case where the heating was 1050°, and cooled in the furnace, in 
lbs per sq in 


Carbon 

0 42 

0 70 

104 

1 

Oi 

1 

72 pu ant 

Max strength 

64,420 

90 500 

111,500 

96 

150 

95, 

,000 

Elastic limit 

41,800 

39,700 

46,800 

48 

500 

*5 

200 

Elongation 

19 4 

16 5 

10 5 

7 

5 

7 

5 per a nt 

Reduction area 

44 5 

20 5 

10 9 

6 

8 

6 

J „ 


J Bauschmger’s results are indicated in Table XXIV, and Fig 210 f Jslngaki 
aho found the maximum stress, in kgrms per sq cm , increased with the proportion 
of carbon up to 0 9 per cent , and thereafter decreased , thus 


Caibon 

0 

01 

03 

05 

07 

09 

1 I 

Max stiess 

3380 

3700 

5200 

> 5750 

7550 

8800 

8200 

H Wedding gave, m tonb per sq m 





Carbon 

0 20 

0 30 

0 40 

0 50 0 00 0 70 

0 80 

0 90 

Tensile strength 

20 2 

30 0 

35 0 

17 1 19 0 

50 8 

58 0 

01 2 

b longation 

20 2 

19 4 

19 0 

18 1 16 1 

8 1 

5 7 

7 5 

Keduetion ot area 

02 0 

52 2 

55 0 

14 7 14 2 

9 9 

18 

12 1 


I t por coni 
7800 


1 0 |iei < c «4 
05 4 

0 0 pei < out 
12 2 


K Johansson gave for the percentage elongation, E, and the tensile strength, T 
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0 06 

to 

0 10 

0 10 

to 

0 15 

0 15 

i<> 

0 22 

21 6 

to 

24 1 
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to 

26 7 

20 7 

to 

29 8 

25 

to 

30 

22 

to 

25 

20 

to 

24 

0 28 

to 

0 22 

0 33 

to 

0 18 

0 38 

to 

o r> 

12 4 

to 

35 

15 5 

to 

18 7 

18 7 

to 

1 1 2 

18 

to 

20 

10 

to 

20 

15 

to 

18 

0 50 

to 

0 55 

0 55 

to 

0 00 

0 00 

to 

0 08 

47 0 

to 

50 8 

50 8 

to 

54 0 

510 

to 

57 I 

12 

to 

15 

10 

to 

12 

8 

to 

10 


0 22 <0 0 28 p< r <ont 
29 8 to 12 l 
20 to 22 

0 15 to 0 50 por <<mi 
M2 to 17 0 
1 1 to It) 

0(>8 to 0 75 por amt 
57 l to 01 5 
5 to 10 


According to E J Rang, the effect of increasing the proportion of carbon is to 
increase the elastic limit and ultimate tensile strength of steels , with very high 
carbon steels, the elastic limit is indefinite because, under load, the elastic limit is 
continuously being reached, and the small amount of cold work thus done on the 
bar forms a new elastic limit As a result, the stress strain curve, though continuous, 
is not a straight line The subject was discussed by E H W Tafcl, J Dessent, 

i d) , C R Jones , dnd C w Waggoner, and W A Scoble M Moser said 

that .during elongation m the tensile test, steel does not flow uniformly, but in /ones 
Each zone stretches at first until a certain degree of hardness is attained and then 
remains nearly stationary with the hardness unaltered until another /one elongates 
Only when all the zones m the test piece have been elongated does a further uniform 
increase m hardness set in over the whole elongated part K Schu/, etc , studied 
the relation between the tensile strength and hardness (q v), and thev found that 
m general increased with the proportion of combined carbon , 
and. M Hamasunii, that the tensile strength increased with the late of cooling 
A Pomp and A Lmdenberg studied the effect of liitrogeinzation For the cm- 
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buttling effects of occluded hydrogen, vide infra t, corrosion J V MacCrae and 
R L Dowdell studied the effect of deoxidation on the tensile strength of cast steel 
C R Jones and C W Waggoner added that all the curves for maximum strength 
or tenacity have the general form predicted by H M Howe from a consideration 
of the microscopic constituents His curves show a ma ximum at or near the 
eutectoid ratio for the iron carbon diagram B Stoughton has suggested that the 
intimate mixture of the crystalline constituents when the steel is near the eutectoid 
ratio has the effect of increasing the molecular attraction between the crystals, 
thus raising the maximum strength of the material , for below the eutectoid the 
pearlite is surrounded by a network of soft ferrite, while above it is surrounded by a 
network of cementite, both of these networks having a weakening effect upon the 
attraction between the molecules of the crystals Although the experimental 
maximum seems to occur at a lower percentage of carbon than predicted by 
H M Howe, the curves show a strong confirmation of the theories of H M Howe, 
and B Stoughton The results indicate that pure iron should have a te ns ile strength 
of about 40,000 lbs per sq m , and that the tensile strength of the senes of annealed 
crucible steels tested increased about 630 lbs for each 0 01 per cent of carbon up 
to 0 89 per cent , after which the strength gradually decreased The elastic-limit- 
carbon curves seem to follow the same general law as the maximum strength carbon 
curve, the maxima for the curves plotted occurring at the same percentages of carbon 
The variation of the stresses at the elastic limit, however, is much less marked 
than the variation of the maximum strengths, and m other tests that the writers 
investigated the results were either irregular or showed more than one critical 
point The curves for total elongation or ductility, and reduction of area are 
similar , and indicate that there is a critical point m each correspondmg to the 
percentage of carbon which gives maximum strength This critical point may 
represent a minimum value or a marked change m the direction of the curve 
E L Dupuy s results for the percentage reduction of area with the temp and 
percentage of carbon as variables, are summarized m Fig 211 E Greulich repre- 


iss 

* . 


Per cert s/l/co/? 

Fig 212 — Constitution and Tensile 
Strength of Cast Iron 

sented the relation between the reduction of area, </>, Brmell s hardness, elongation, 
or tensile strength, y , by y=a+6 log <f>, where a and b are constants 

According to P Bardenheuer, and G Neumann, the form and degree of fineness 
of the separated graphite are the dominant factors m determining the tensile 
strength, bending strength, and resistance to shock of grey cast iron as cast, as 
annealed at 850°, as quenched m oil, and as quenched and then annealed at 
600° to 650° The nature of the ground mass influences the hardness, but the 
highest tensile strength is obtained with the minimum amount of graphite provided 
it is evenly distributed throughout the metil in fine flakes F B Coyle studied 
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the tensile strength of cast iron, and found that the results can be represented by 
diagram, Fig 212, where the dotted lmes refer to E Maurer s diagram of the 
constitution of cast iron — mde supra, Fig 58 The numbers m the diagram are 
intended to represent the tensile strengths of cast irons, expressed m lbs per sq in , 
and whose compositions fall m the regions concerned Analogous diagrams were 
prepared for cast irons with 2 per cent of nickel, and with 0 50 to 0 75 per cent 
of chromium, and with combinations up to 0 25 to 1 25 per cent of nickel and 0 25 
to 0 75 per cent of chromium 

W R Webster examined a great number of steels m the attempt to lind a relation 
between the strength of steel and its chemical composition , and the subject was 
also taken up by H H Campbell, who gave the following formuLc Let C denote 
0 01 per cent of carbon , P, 0 01 per cent of phosphorus , Mn, 0 01 per cent of 
manganese , and R, a variable to denote the heat-treatment, then, the ultimate 
stress m lbs per sq m , for acid steel where the carbon is determined by combustion, 


Table XXV — •Manganese 
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per 

cent 

0 42 
per cent 

0 44 
per cent 

0 46 
per cent 

0 48 

percent 

0 50 
per cent 

0 52 
p< r cent 

0 54 
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0 56 
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640 
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1120 

1280 

1440 
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2880 
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3200 
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0 30 
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B SSjfl 
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3360 

3840 

4320 

4800 

0 35 

560 

1120 

1680 

B " £ « 

2800 

3360 


4480 

5040 

5600 

0 40 

640 

1280 

1920 

lK ; 

3200 

1840 


5120 

5760 

6400 

0 45 

720 

1440 


K : : jfl 

BH 

mmm 

! 5040 

5760 

Mimm 

7200 

0 50 

800 

1600 

2400 

K"il 

4000 

i 4800 

Kf&hl 

0400 

7200 

8000 

0 55 

880 

1760 

2640 


4400 

Kmil 

6160 

7040 

7920 

8800 

0 60 

960 

1920 

2880 

ilil 

m 

1 

6760 

7080 

8640 

9600 


is 40,000+1000C+1000P+a;Mn+jR , and when the carbon is determined by colour, 
39,800+1 140C +1000P +zMn -\~R While for basic steel, where the carbon is 
determined by combustion, the ultimate stress is 41,500+770C+1000P f j/Mn+Ii, 
and where the carbon is determined by colour, 42 ,000 +820C + 1 000P 4 yMn+JR 
Table XXV gives the coefi x for acid steels with over 0 4 per cent Mn, and 
Table XXVI, the coefi y for basic steels with over 0 3 per cent Mn Any formula 


Table XXVI — -Manganese 


O 

per cent 


0 05 
0 10 
0 15 
0 20 
0 25 
0 30 
0 35 
0 40 


0 35 
per cent 


550 

050 

750 

850 

950 

1050 

1150 

1250 


0 40 
pci cent 


1100 

1300 

1500 

1700 

1900 

2100 

2300 

2500 


0 45 

per cent 


1650 

1950 

2250 

2550 

2850 

3150 

3450 

3750 


0 50 

per cent 


2200 

2600 

3000 

3400 

3800 

4200 

4600 

5000 


0 55 

per c< nt 


2750 

3250 

3750 

4250 

4750 

5250 

5750 

6250 


060 
per ant 


mo 

3900 

4500 

5100 

5700 

6300 

6900 

7500 


expressing the relation between the strength of steel and its chemical composition 
can have only a limited application because of the influence of other variable con- 
ditioning factors , it is therefore assumed that the conditions of manufacture are 
similar to those which were employed for the standards from which tlve formulae 
were deduced Observations on the subject were made by J Bauschmger, 
A 0 Cunningham, E Demange, V Deshayes, H M Howe, J E Hurst, J B John- 
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son, H von Juptner, A Kroitzch, H K Landis, F C Lea,4*Ledebur, W N Lipm, 
M Merriman, W Minty, H O’Neil, B Osann, P Osmond, E Rasch, P G Salom, 
J K Smith, R H Thurston, H Weddmg, and J Weyrauch C D Mathews found 
the tensile strength of grey cast iron with 1 5, 2 0, and 2 5 per cent of silicon to be 
respectively 25,600, 24,370, and 24,660 lbs per sq m J E Hurst discussed the 
attempts made to show the relation between the composition and properties of cast 
iron by formulae and diagrams 

R A Fessenden, G Wertheun, W Sutherland, and H Tomlinson observed a 
relation between the tensile properties of the metals and their at vol , and 
W C Roberts Austen showed that except m cases where chemical combmation 
occurs, the introduction of atoms of elements with a small at vol raises the tensile 
strength of a metal R A Fessenden’s relation is Tensile strength=0 5280 
where T m denotes the m p of the metal on the absolute scale, and v the at vol — 
vide 1 13, 17 

J O Arnold and A McWilliam represented the effect of the constitution of 
steel, on the tensile properties, by diagrams analogous to those of Pig 213 The 
first stage, I, Fig 213, contams sorbitic pearlite associated with emulsified cementite, 
and it is very dark on etching , the maximum tensile strength is about 70 tons per 
sq m , and the elongation on 2 ms is about 10 per cent The second stage , II, 
Pig 213, contains pearlite with semi segregated cementite, and it is dark on etching , 



Fig 213 — Stages in the Formation and Disruption of Pearlite 

the maximum tensile strength is about 55 tons per sq in , and the elongation on 2 ms 
is about 15 per cent The third stage contams laminated nearlite with completely 
segregated cementite, and it exhibits a gorgeous play of colours when lightly 
etched , the maximum tensile strength is about 35 tons per sq m , and the elonga- 
tion on 2 ms is about 5 per cent The fourth stage has laminated pearlite passing 
into massive cementite and ferrite , the maximum tensile strength is about 30 tons 
per sq m The different stages may sometimes be observed m juxtaposition on 
one piece R Hugues, H Meyer and W Wesselmg, and S S Sternberg discussed 
the effect of heat treatment on the mechanical properties 

O Bauer and W Schneider said that the breaking stress of electrolytic iron is 
not affected by quenching from 650° to 1258° in iced water H Hanemann measured 
the tensile strength, m kgrms per sq mm , of some hypereutectoidal steels quenched 
from different temp , and obtained the results indicated m Table XXVII The 

Table XXVII — Thp Effect of Quenching Temperature on the Tensile 
Strength of Hypereutectoidal Steels 
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(per cent ) 
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800 

850 
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29 61 

17 07 
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6 37 
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— 
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- 

48 62 
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37 77 

24 92 
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1 32 

- — 

51 43 
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54 63 

41 J 23 

30 22 

20 03 1 


1 45 

— 

61 42 

61 72 


42 66 

38 88 

29 41 


1 5b 

— 

51 29 

48 87 

1 

51 18 

55 40 

52 19 

49 28 

42 45 
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results show that for each steel there is a quenching temp which gives the 
strongest metal, this temperature rises with the carbon-content, but whep it 
is exceeded, the strength of the metal is impaired The greatest strength was 
obtained by quenching m a lead zinc bath at 300° Tempering at 350° yielded a 
steel with a maximum tensile strength, and this agrees with E Heyn and 0 Bauer s 
observation that a steel heated to 900° and quenched at 14° to 18°, gives a maximum 
solubility when tempered at 900° It is therefore suggested that the osmondite 
structure gives the maximum tensile strength A Jung concluded from his obser 
vations on the influence of heat treatment on the tenacity and microstructure of 
hypereutectoidal steels (i) The temp to be employed m hardening hypereutectoid 
steels are restricted to a definite range, which is lower and narrower the smaller the 
carbon content (u) The ultimate strength increases to a maximum for a given 
carbon content as the temp of quenching falls (m) For equal quenching temp , 
the ultimate strength increases with the carbon content (iv) The same quenching 
temp should be used for different media (v) The greatest strength is attained by 
quenching m water and then tempering at 350° (vi) By quenching m water and 
tempering, a comparatively brittle material, with high tenacity, is obtained, 
while by quenchmg m a medium at the same temp as that employed for tempering, 
a lower tenacity and greater toughness is obtained (vn) Different forms of heat 
treatment cannot be made to produce identical results , identity of results can be 
obtained only for any one property of steel (vin) The mechanical properties 
depend on the state of the carbon and also on the structure of the metal (ix) A 
martensitic structure gives the greatest hardness, a troosto sorbitic structure g*ves 
the greatest tenacity, while a pearlitic structure gives the great elongation (x) It 
was not possible to detect any consistent influence of the carbon content on the 
mechanical properties of the specimens under the conditions employed The 
subject was discussed by L Faure, M Kuroda, and A Pomp and A Lmdenberg 
H Hanemann and R Kuhnel studied the hypoeutectoidal steels, hardened by 
quenchmg at 950°, and then tempered 2 hrs m water at 100° , 1 hr m rape oil at 
200° , 40 mins m a bath of sodium and potassium nitrates at 300°, 400°, and 500° 
The results are summarized m Table XXVIII The tensile strength is expressed 
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m kgrms per sq mm For the 0 34 per cent carbon steel annealed at 500° after 
quenchmg m water, the numbers were respectively 79 9, 15 0, and 51 0, and after 
quenchmg m water, 80 1, 15 0, and 51 0 , for the 0 65 per cent carbon steel 
quenched m oil, 84 7, 10 0, and 51 0 , and quenched in oil, 84 7, 9 5, and 51 0 
G Welter found that the mechanical properties vary 10 per cent by cooling 
under different conditions 

The highest, lowest, and average tensile strength of cast iron given were respec 
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txvely 9 08, 5 09, 7 19 tons per sq in , by E Hodgkinson and W Fairbairn, 10 5, 

4 9, and 6 83 tons per sq in , by W Wade, 20 5, 4 2, and 9 1 tons per sq m , by 
T Turner, 15 7, 4 75, and 10 22 tons per sq m , by W C Unwin, 17 3, 14 9, and 
15 7 tons per sq m , and by E Adamson, 13 74, 15 62, and 14 8 tons per sq m 
E Adamson’s results show that with total carbon 3 56 to 3 57 , graphitic carbon, 

2 98 to 3 04 , combined carbon, 0 54 to 0 59 , silicon, 1 46 to 2 00 , sulphur, 0 072 to 
0 11 , phosphorus 0 59 to 1 20 , and manganese 0 65 to 0 90, considerable variations 
m the phosphorus, silicon, and manganese makes very little difference to the results 
The elastic limit varies with the proportion of combined carbon , if all the carbon 
is m the combined state, the range of proportionality expends up to the point of 
fracture even when a pearlitic matrix is present If the iron contains a small matrix 
of ferrite when the carbon is wholly graphitic, there is so low an elastic limit that 
some — e g IN Hollis — say that the material has no well defined modulus of 
elasticity, or elastic limit The yield-point of commercial cast iron also comcides 
with rupture, so that the elongation and reduction of area are negligibly small 
G A Akerlmd gave 40,000 to 50,000 lbs per sq m for the tensile strength of 
malleable cast iron and 1 to 6 per cent for the elongation, and 0 75 to 3 0 per cent 
for the reduction of area Hence, cast iron is about half as strong as the malleable 
Observations on the elastic properties of cast iron were made by P B Coyle, 
J T Mackenzie, A Thum and H Ude, W R Needham, J B Kommers, 
E J Lowry, J E Hurst, K Emmel, B Osann, and O Smalley C Fremont said 
that the elastic limit of cast irons is from one fifth to three fifths of that of steel , 
and the elastic limit occurred with 0 45 to 0 80 per cent of the ultimate load 
According to A Thum and H Ude some of the modern cast irons have a tensile 
strength of 30 kgrms per sq mm where 18 to 20 kgrms per sq mm was formerly 
thought to be very good H A Schwartz discussed the tensile strength of malleable 
cast iron W C Unwin gave 19 8 tons per sq in for the highest and 12 8 tons per 
sq m for the lowest tensile strength of malleable cast iron W H Hatfield gave 
for the maximum stress of European or Reaumur s malleable cast iron 19 78 to 
27 07 tons per sq m , 3 5 to 6 0 per cent elongation m 2 ms , and 3 5 to 6 0 per cent 
reduction m area , and for the American, or blackheart, malleable cast iron, 19 41 
to 22 85 tons per sq m for the maximum stress, 10 0 to 14 0 per cent elongation 
m 3 ms , and 7 7 to 17 5 per cent reduction in area H Hanemann found that 
with graphite present as coarse grains, the tensile strength of cast iron was 10 to 
14 kgrms per sq mm , and with the graphite m fine grains, 20 to 24 kgrms per sq 
mm Man> observations have been made on the influence of the separation of 
graphite on the mechanical properties of cast iron- eg by A O Ashcroft,? Barden- 
heuer and K L Zeyen, O Bauer, J W Bolton, K Emmel, C Gilles, V Henning, 
E Jungst, P Kleiber, T Klmgenstem, A E Macrae, E Maurer, A E Outer- 
bridgl, E Piwowarsky, H Rolle, P A Russell, J Seigle, K Sipp, \ EM Smith, 
R Stotz, A Thum and H Ude, 0 Wedemeyer,T D West,F Wust and co-workers, 
and A Zenges — wde supra , graphitization A Thum and H Ude suggested that 
structurally cast iron can be regarded as a <c notched steel ” because the carbon 
flakes produce minute notches and so lower the mechanical properties of the metal 
P Goerens observed the effect of tempering and annealing on cold worked iron 
with 0 080 per cent of carbon , 0 39, Mn , 0 008, Si , 0 056, S , and 0 059, P 
The results are summan/ed m Fig 214 Tempering at 100° gives a perceptible 
result, and near 520° there is an abrupt change from about 45 kgrms per sq mm 
to 40 kgrms per sq mm at 600°, which is about the normal value The elongation 
and reduction of area behave m a correspondmg way Observations were made 
by P F Lee and co workers, H E Publow and co-workers, and F G Sefing 
and M Suils The effect of the duration of the annealing is summarized in 
Fig 215 J Orland studied the influence of pearlization below the Ax 1 arrest on 
the mechanical properties P Ludwik found for cast iron annealed at 900°, and 
cast steel annealed at 700°, and tested at the following temp — the ultimate 
strength is expressed m kgrms per sq mm 
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F C Lea and 0 H Crowther observed a maximum m the tensile strength, 
and yield point of iron at 300° , and F C Lea observed a maximum m the tensile 
strength of armco iron at about 230°, a minimum m the elongation it about 100°, 
and a maximum at 360° The elastic limit m tension had a minimum at 230° 
H J Tapsell and W J Clenshaw obtained sim ii results E L J)upuy found a 
maximum m the tensile strength and a minimum in the reduction of area at 260° 
m a 0 15 per cent carbon steel nsmg to 330° m a 0 91 and 12 5 per cent carbon 
steel, m which two the minimum m the reduction area was not perceptible 
F A Epps and E O Jones observed a minimum m the elongation of wrought iron 
between 100° and 150° , and A Sauveur and D V Lee, a minimum m the stiength 



Fig 214 — Effect of Temperature 
of Annealing on the Tensile Pro 
perties of Cold drawn Wire 



Fid 215 — Effect of Tomporaturo 
and Time of Annoalmg on the 
Tensile Properties of Cold diawn 
Wire 


of steel A Goffey and F 0 Thompson observed changes at 70°, 120°, 170°, 230°, 
290°, 310°, and 350°, and with steels, m addition, and at 90°, 190° The meaning 
of the singularities is unknown — mde $upra 

W Eilender found that the changes produced by the ageing of quenched 
steel, containing 0 032 per cent of nitrogen, are very remarkable Thus, the 
tensile strengths after quenching from 680°, and after ageing for 14 Ays at 
20°, were, respectively, 39 1 and 44 8 kgrms per sq mm , whilst the corresponding 
elongations were 33 0 and 2 7 per cent , and the reductions of area 61 0 and 2 5 
per cent 

In 1863, K Styffe found that the strength of iron and steel is not diminished by 
cooling to —40° , and C Pardun and E Vierhaus observed no loss m the mechanical 
properties of oast iron occurred by cooling it to low temp , but a ohange occurred 
when the temp dropped to —80° The cause of the alleged brittleness of cast iron 
in winter is due to shrinkage stresses, or, m the case of pipe systems, to the action 
of the frozen earth in which they are embedded In 1886, T Andrews investigated 
the effect of coolmg down to —45°, on the strength of railway axles, and found the 
metal was more brittle at these low temp F Sterner also observed what he called 
“ crystalline brittleness ” at —50° M Rudeloff found that the cooling of weld 
iron to —20° did not markedly affect its toughness, but ingot metal became brittle , 
cooling to —80° caused both these metals to become brittle * Crucible steel became 
very brittle at ■ — 80°, but at — 20° was not much affected Easio bessenicr steel 
was more affected by coolmg than open hearth steel The bending capacity was 
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reduced from 100 to 85 in the latter case, and from 100 to 81 in the former case 
J Dewar showed that at 280°, iron has double the tensile strength it possessed 
at 15° A soft steel wire of 0 098 m diameter at 15° broke with a stress of 420 lbs , 
and at 182 , with 700 lbs , while an iron wire broke at 15° with 320 lbs , and at 
-182°, with 670 lbs Observations were also made by C Schafer, F Sauerwald 
and K A Pohle, W H Johnson, T Matsuda, and J R Benton R A Hadfield 
found that low temp m the vicinity of — 182° increased the tenacity or breaking 
load of iron and iron alio} s , the ductility as measured by the elongation is reduced 
from 30 to 40 per cent with mild steel, to practically ml The same changes occur 
with the softest wrought iron, as with steels with 0 10 to 1 50 per cent of carbon, 
so that the presence or absence of carbon has very little influence Pieces of mild 
steel immediately after immersion, break instantly when struck with a hammer, 
and there is an entire absence of ductility Thus, i sample of steel with 0 045 per 
cent f irbon 0 07, silicon , 0 005, sulphui , 0 004, phosphoxus a trace of man 
ganese and 09 82, non, give 

16 -HO -100 -101 -27 j 

lemwity 20 27 JO 41 (70) tons per sq m 

A similar sample with 21 tons per sq m tenacity and 25 per cent elongation gave 
at 182° a tenacity of 54 tons per sq m , and elongation ml The piesence of 
nickel was found to counteract the tendency of iron to become brittle at these low 
temp R A Hadfield also observed that with Swedish iron having 0 045 per cent 
of carbon, the tensile strength m tons per sq m and the percentage reduction of 
area were for the annealed metal respectively 44 0 and 0 0 at —185°, and 18 5 and 
75 0 at 18° , whilst for the quenched metal, these values were respectively 54 0 
and 0 0 at — 185°, and 20 5 and 72 0 at 18° 0 Remhold gave for the tensile 

strength in kgrms per sq mm , and for the percentage reduction ot area, of soft 
iron with 0 04 pei < ent of < arbon 

70 20' 120 400° 400 r >20 r ><)0 020 

Tensile strength 48 0 42 0 58 7 42 0 33 2 26 3 10 2 13 7 

Reduction atea 70 0 7J0 05 0 710 80 3 86 5 93 0 05 8 per cent 

The question has been raised whether iron which has been exposed to a low temp 

is afterwards more brittle than before the exposure A von Fiank said that theie 

is no evidence of any change in metal which has been exposed to the temp of a 
European winter in mountainous districts, — 22° to — 25° , or to an Arctic winter 
E Bernardon found that the test pieces exposed to great cold showed no marked 
difference when tested at ordinary temp F Steiner, and H Gollner observed 
no apparent alteration in the bending tests of wrought iron, annealed cast iron 
and steel which had been cooled to — 50°, and then returned to the original temp 
of the room, and G Mehrtens, no permanent deterioration m the metal of a 
prolonged exposure at about —88° 

The term shortness is often used synonymously with brittleness — e g m the ceramic 
industries a short clay is one with a low plasticity and m consequence with a tendency to 
rupture , and m the metallurgical industries the term is applied to a metal with a tendency 
to rupture under shock or stress, particularly when the stress is suddenly applied, and when 
the metal breaks without much elongation or reduction of area Shortness is the opposite 
to toughness (not hardness) If the metal is brittle when hot, it is said to exhibit red-short- 
ness or hot-shortness , when cold, cold-shortness , and when at a blue temper heat, about 
300°, blue-shortness The evolution of these apparently simple terms is curious In an 
early translation of Pliny’s Histona naturahs, by P Holland, in 1610, the term coUar is 
used for cold shortness , m 1637, P Vematt and T Whitmore spoke of coUhtre or coleshu e 
iron , in 1665, D Dudley called it coldshare iron , m 1677, A Yarranton used the term 
coldahore and “ red short ” and “ cold short 55 occur m a tract, Beware of Bubble* bv 
J Moxon, dealing with W Wood’s patent for the manufacture of iron, and published about 
1828 For red hardness, vide infra, tungsten steels L Aitchison discussed the difficulties 
which attend the formulation of a definition of brittleness 
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F Sauerwald and co-workers said that the brittleness of a iron at the temp of 
liquid air, —155°, is a consequence of the tendency of the crystal to split along the 
crystal planes With a system of two crystalline phases, the limit for brittleness 
can be raised from —155° to —98° to —90° The brittleness cold shortness— 
which develops m some alloy steels was attributed by H Huttenham to the separa 
tion of graphite consequent on the metastable iron iron carbide system being 
resolved into the stable iron carbon system- vide the action of sulphur on iron 
H H Lester investigated the brittle range of some chromium mckc 1 steels 

A peculiar brittleness is exhibited by iron between 200° and 4(X)°, so that defor 
mation, such as bending, within this range of temp causes the metal to become 
more brittle after cooling to room temp than would occur with a similar amount 
of deformation at room temp The temper colour of iron m “this range of temp 
is bluish, so that the range of temp is called blue heat, and the britt leness, blue brittle 
ness or blue-shortness Early reports on the ultimate strength of iron when heated 
showed that a maximum strength was obtained at about 260°, and from there up 
to over 500° the strength gradually decreased Ini 828, J L Fremery and P St Brice 
observed that a specimen of wrought iron, with a tensile strength of 43 4 kgrms per 
sq mm , at ordinary temp had a strength of only 7 8 kgrms per sq mm at a red 
heat K Styfle found no change occurs m the tenacity of steel when heated up 
to 200°, but with soft iron there is an increase m strength between i(X) J and 205° 
J Kotlmann observed that wrought iron maintains its strength up to ( ) J° and then 
gradually weakens, the weakening goes on rapidly after 400” , while Bessemer 
steel behaves m the same way except that the temp at which the changes occur 
are higher— there is a constant strength up to 205° and a gradual dec rease then begins, 
and it becomes greater above 500° J E Howard found that the strength of steel 
decreases to a point between 93° and 150° when it increases until 260° , after that 
the metal gradually weakens The maximum strength with a harder steel occurs 
at a lower temp The results with cast iron were almost constant up to about 480° 
when, at about 820°, the value is about half that of steels The reduction of area 
decreased with temp up to the point of maximum strength after winch it m< reused , 
the elongation was greatest at ordinary temp M Rude] off observed that heating 
the metal to 250° has the same deleterious effect on the subsequent mechanical 
treatment of weld iron as it has on ingot iron , as the temp exceeds 3(X)°, both 
weld iron and ingot iron steadily decrease m strength , with weld iron, the elongation 
on fracture increased proportionally, but with open hearth Hteel it reached a maxi 
mum at 350° Hence, 300° is the limit below which the temp must not fall when 
weld iron is subject to mechanical treatment, and for open hearth steel, the temp 
differs from this only slightly Up to 250°, both open hearth steel and wold iron 
steadily increased m strength, while the elongation diminished rapidly The safety 
of the metal m use is not endangered up to 250° The modulus of elastic ity of open 
hearth steel increased as the temp was raised up to 250° W Fairbairn, O Pisati 
andG Saponto Ricca, H C H Carpenter, M Leblant, M Rudeloff, 0 Bach, and 
Or Charpy all place the maximum resistance to tensile fracture at about 250° , and 
Thurston, W Fairbairn, W G JKirkaldy, and E Adamson, between 260° and 
300 J H Andrew and H A Dickie, and K Honda and R Yamada attributed 
temper brittleness to the separation of carbides along the grain boundaries during 
slow cooling According to M A Grossman, the brittle range in steels with a low 
percentage of alloying element is due to a small proportion of retained austenite 
when the steel is quenched The retained austenite is broken up more or less 
completely at a certain temp and the resulting brittle, submit roscopic particles 
of a iron, interspersed throughout the mass, make the specimen brittle 


a rkS.!' p 6I ?P t] ? e «eebamcal properties was also measured by ft (1 Batson, 
B W F U fIA S 7 ' ° ,£ ha 1 ??-’ H le chateUer - C L Clark aid A E White; 
IrenwmlteV F R Freeman and O W Quick, C de 

V bXv % ^ ^ “ d , J A Jones, L Gwaiet, L Guiltet and 

M Bailey, T Inokuty, P L Irwin, Z Jeffries, Z Jeffnes and R S Archer, J J Kanter 
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and L W Spring, F Korber and co woikers I Korber and A Dreyer, F Korber and 
A Pomp, A Kuhle A Kurzwemhart, P Ludwik, H Lupfert L H Marshall, E Maurer 
and R Mailander, Jb Pester, A Portevm, E Preuss G C Pnester and O E Harder, 
X. Sauerwald and co v orkers, P SchOnmaker, H Scliottky K Schichtel and R Stolle, 
H Scott and H G Momus, L W Spring G Wazau, and I R van Weit, R Willows 
and F C Thompson, etc 

R H Thurston, W Fairbairn, W G Kirkaldy, and E Adamson observed a 
decrease in the elongation and an increase m brittleness between 250° and 300° , 
H C H Carpenter, a minimum elongation at about 130° , and A Martens, and 
M RudelofE a minimum resistance to tensile stress at 50° The elongation and 
reduction of aiea rise from 300° or 400° upwards , and the minimum elongation 
occurs at about 150°, a temp rather lower than the resistance to stress The 
decreased elongation and the increased resistance to fracture as the temp rises, 
explains the brittleness at a blue heat, studied in 1877 by F Valton C Bach, 
and M RudelofE found that with 0 16 to 0 20 per cent carbon steels, the elongation 
previous to fracture reaches a minimum at 200°, but no definite relation was observed 
between composition and the variation m the resistance to fracture at different 
temp The metals which behaved best when heated had the greatest tenacity and 
elongation before fracture M Leblant found that the maximum at 250°, and the 
minimum between 80° and 150° appear to occur at higher temp as the proportion 
of carbon increases According to P Ludwik, the changes m the elastic limit 
during ageing, and at a blue-heat as well as blue brittleness, are due to changes in 
the solubilities of the minor constituents m the steel A similar hypothesis was 
employed by W J Brooke and F F Hunting to explain the brittle zone with armco 
iron between approximately 900° and 800° 

L Aitchison, L H Appleby, A H d’Aicambal, 0 Bach and R Baumann, H W Baker 
and A H Gibson, J H Bakei, T Bakei, E Bemardon, G W Barr and co workers, 
J Bartel, R G Batson and J H Hyde, A JBaykoff, N 1 Belaiew and N T Goudtsow, 
H Bonte, H Bouasse J M Bregowsky and L W Spring, W Brockbank, A Brovot, 
J D Brunton, H Bucliholtz and E H Schulz, A Campion, R C Carpenter, H Carrington, 
W Cassie, G Charpy and A Cornu Th^nard, P Chevenard, P Chevenard and A M Porte 
vm, J Christie, A S Clark, E F Cone, G Cook, J L Cox, H C Cross N Czako, K Daeves, 
W E Dalby, N Davidenkoff and G Sajzeff, V A Davidenkoff, W B Dawson, 
R R Devries, J H S Dickenson, H A Dickie, T G Digges, J W Donaldson, P Drosne 
H K Dyson, H Fdert J V Emmons, I A Epps and E O Jones, P Eyermann, 
F A lahrenwald, P h ischer, R de Fleury, F B Foley, L Fraichet, C Fremont, 
H J French, H J French and W A lucker, Y Fukrne, G Gabriel J Galibourg, 
A W Germer and R N Wood, F Goerens and F P Fischer, P Goerens P Goerens and 
G Hartel, C Grard, P Gra/iani, R H Greaves, J N Greenwood, E Greulich, J J Guest, 
R GuiUery, I Guillet, Ij Guillet and co workers, G H Gulliver, H I Hannover, M Hanszel, 
J I Harper and R S MacPherran, A B Harrison, P Henry, H D Hibbard, 
A H Hiorns, H A Holz, J E Howard, H M Howe, A K Huntington, C Huston, 
D H Ingall, L Jannin, Z Jeffrie s, Z Jeffries and R S Archer, G R Johnson J B John 
son, J B Johnson and S A Christiansen, W R Johnson, D Jouraffsky, W Kahlbaumand 
co workers, H Kamura, J Kanter and L W Spring, J F Kaj ser, W J Keep, F Rmtzle, 
B A Kjerrman, O A Knight, H J3 Knowlton, F Kbrber and co workers, W KOster, 
P Ivreuzpomter, R Jfvulinel, W lvuntze, W Kuntze and G Sachs H K Landis, O Lasche 
A Lautz, J H Lav rente, I C Lea, F C Lea and O H Crowther, A Ledebur, W E Lilly, 
A Lmdenberg, P J^udwik and co workers, A Lundgren, T D I ynch and co workers, 
D J MacAdam, G P McNiff, R S MacPherran, C E MacQmgg, A McWilliam and 
E J Barnes, M Mahoux, R Mailander, M Malaval, Y T Malcolm, A Martens, W Mason 
T Matsumura and G Hamabe, M Matweieff, K Memmler and A Schob, A N Mitmsky, 
R G Morse, K H Muller and E Piwowarsky, J Muir F Nakamshi W R Needham 
J T Nichols and c o workers, J Nodder, P Oberhoffer, W Oertel, G A Orrok and 
W S Morrison, M Orthey, N S Otey, J G Pearce, E N Percy, H Perrrne and C B Spencer, 
L Persoz, W Pinegm, A J S Pippard, E Pohl, A Pomp, A Pomp and A Dahmen, 
G W Quick, E J Rang,W del Regno, O Remhold, F Rittershausen, F Robm, M Ros and 
A Eiohinger, W Rosenhain and D Hanson, O Ruff, G Sachs, F Sauerwald and co workers, 
A Sauveur, E Scharffenberg, E Schiebold and G Richter, C C Schneider, W Schneider 
and E Houdremont, A Schob, H Schottky and co workers, E Schuz, W A Scoble, 
J Seigle, J Seigle and F Cretin, P Siebe, E Siebel, E Siebel and A Pomp, C A Smith, 
J H Smith, M B Smith, R H Smith, B F Spalding, A P Spooner, L W Spring, 
L W Spring and H J French, L W Spring and J Kanter, H Stager, P Stephan, 
R Stnbeok, H W Swift, W P Sykes, R L Templin, J L Temeden and M von Rath, 
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A I Torres, E Touceda, I B Tumei II tick*, <' UptiMgiovo and A I* Wlite 
G Uibaneryk, M Vitmoa h C Wudlow, O Wawr/imok 1' W Webb W H Webster’ 
P A Welikoff and (o workers, G Welter r l I) Wist \ F White A F White and 
C L Clark, H E Wirapens, H WiiKht, and H I Youiif, in «U obsc r\nl ioii.h on the 
tensile and elastic properties of iron and steel 

H Perrme and C B Spencer gave the u suits indicated m Tilth \X I X for 
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the ultimate strength in lbs persq in , and the peicontagc elongation and it due turn 
of area of Bessemer steel with 0190 p<r cent of car bon , and (nst lion with 
2 69 per cent According to P Ludwik, iron annealed at 900", gave fm 1 he ft nmle 
strength in kgrms persq mm ,andihc percentage expansions and reduction of area 
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H J French’s tensile tests of iron at elevated temp , show that m the blue 
heat range the tensile strength is higher than at room temp although t ho i eduction 
of area and elongation are lower Z Jeffries obtained similai results, and 
F Robin observed that Bnnell’s hardness is greater at a blue heat than at room 
temp Z Jeffries and R S Archer’s experiments illustrate the greater hardening 
of iron for a given deformation drawing from 0 042 to 0 025 m at a blue-boat, 
275°, than at room temp , for the tensile strengths lbs per sq in , and the percentage 
elongations, and reductions of area were 

Pensile strength Elongation Reduction of area 

Boom temp 85,720 2 00 70 0 

2750 111,000 158 07 0 

Hence the wire drawn at a blue-heat is stronger, but less plastic , than that drawn 
at room temp Observations on the effect of temp on the elastic limit are not con 
J ® Howard found that the elastic limit decreases with rise of temp , 
W Mauksch, that the stress with wrought iron at 200° is about half its value at 
ordinary temp , but rises to its original value at 300° , A K Huntington s curve 
shows no m^rnurn m the blue heat , C Bach, and A Martens observed a maximum 
at about AX) , and H J French found a maximum at 200° where the value is 
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i bout 14 per cent greater at 200° than it is at room temp Observations were made 
by R Hay and R Higgins, R L Keynon, F A Epps and E 0 Jones, A Kuhle, 
H Hubert, A Pomp, R C Carpenter, K Honda, and G Delbart According to 
E Houdremont and co-workers, if T 0 denotes the tensile strength of unworked 
steel, and I is the tensile strength after bemg drawn from a cross sectional area 
F 0 to one of F, then T—T 0 +a log (Fq/F), where a denotes a constant 

A le Chatelier found that all metals may be broken by a constant tensile stress 
applied above a certain temp , and that the elongation depends on the load With a 
constant temp , the deformation under a given load has a decreasmg value tending 
towards equilibrium , the deformation increases more rapidly than the loads, while 
the stress increases and the strains dimmish with the speed of loading Defor- 
mation under shock is inversely proportional to the shock , and with an increase 
m temp , the deformation increases and the resistance decreases Cast iron at 15° 
can support the following loads without breaking in the periods of time stated 

Time 0 5 1 0 5 15 00 nuns 

Load 25 21 24 0J 23 87 23 40 22 86 tons per sq m 

A le Chatelier postulated that at temp m the vicinity of 90°, any permanent defor- 
mation of iron gives rise to an irreversible transformation which tends to raise the 
tensile strength and decrease the ductility The transformation requires a certain 
amount of time for its completion, but takes place more rapidly the higher the temp 
Above 300°, however, the transformation is less effective m producing strength 
and hardness because of incipient annealing F Fettweis identified A le Chatelier’ s 
transformation with the elastic recovery after overstrain G C Priester and 
O E Harder observed a minimum in the tensile strength of 0 29 per cent carbon 
steel between 100° and 200°, and a maximum at 300° K Yuasa observed that 
m tension, torsion, and crazing tests between ordinary temp and 349°, armco iron 
m tension at 250° showed 320 breaks or sudden yieldmgs as it began to fail, but no 
breaks at 20° and 295° Steels with 019, 0 5, 0 68, and 0 80 per cent of carbon 
gave a diminishing number of breaks as the proportion of carbon increased until, 
with eutectoidal steel having 0 85 per cent of carbon, no breaks were observed 
Steels with 0 9, and 1 1 per cent of carbon showed an increasing number of breaks 
as the proportion of carbon increased Distinct sounds were heard as the breaks 
appeared in the stress strain diagrams Accordmg to A Michel and M Matte, 
several kinds of elongations are produced when a wire is maintained for a long time 
under a constant load, and at a raised temp (i) an instantaneous elastic elongation, 
(n) a slow elongation which proceeds with decreasing rapidity, and can be resolved 
into an elastic elongation with retarded elasticity or reactivity, and a permanent 
elongation, (m) if the load is sufficient, the foregoing elongation is followed by another 
which proceeds with constant rapidity and corresponds to a so called 44 viscous 5 
deformation, (iv) after a certain time the rapidity of elongation increases very 
rapidly up to the breaking point of the test piece , this period corresponds to the 
stnction 

A Sauveur and D 0 Lee observed that m the case of electrolytic iron a maximum 
tensile strength is obtained at 250°, whilst steels containing respectively 0 10, 0 30, 
and 0 50 per cent of caibon reach their maximum strength at a temp slightly in 
excess of 300° With 0 75 per cent carbon, the maximum strength occurs at 400° 
Consequently, the blue heat phenomenon does not occur at the same temp with 
all grades of iron and steel, and it is probable that, as the carbon increases, the temp 
imparting maximum strength likewise increases Electrolytic non at room temp 
has a tensile strength of 40,000 lbs per sq m , while at 2 r >0 ’ its strength is 56,000 lbs 
ptr sq m , an increase of 40 per cent Stul containing 0 10 pa cent carbon 
increases in strength from 68,000 lbs to 86,0iX) lbs , or 26 pi r cent , steel with 0 30 
per cent carbon, from 80,000 to 88,000, or 10 per cent , steel with 0 50 per cent 
carbon, irom 110,000 to 126,000, or 15 per cent , and steel w ith 0 75 per cent carbon, 
from 140,000 to 145,000, or 4 3 per ( cut Iron md ver> soft steel increase m strength 

voi Mil i 
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by tempering at a blue-heat vexy much more than higher caxbon stt el It should 
also be noted that the increase of strength is preceded by a de< rt aso of that property 
W Rosenhain and J C W Humfrey studied the tenac lty deformation, and 
fracture of soft steel — 0 106 per cent 0 , 0 075, S , 0 050, P , 0 W5, Mn , and a 



Iig 216- 


-The Effect of Tomperatuxe on tho JLVasilo 
Stiength of Soft Steel 


trace of Hilicon— at hig h 
temp Home results with 
annealed wire are sum 
marized m Fig 216 The 
xesults show that with a fast 
rate of straining, a maximum 
stress of 42,400 lbs per sq 
in was attained, while with 
u slower rale of straining 
the maximum stress was 
40,250 lbs pei sq m The 
t urves arc fiat tionally identi 
t ill m shape, hit tlu turves 
with 1 he slower tt sts he below 
tliose with the faster rates 
of applying the strtss, and 
the turves me piactically 
paralk 1 to one another The 


two upper cuives also indicate the influent o of the mean size of the tryst il grams 
Near the Ar* arrest the two curves coincide The effect of tho average gram size 
of the crystals is indicated in Fig 204 The efiet L of temperaturt on the tensile 
properties of iron was investigated by R G Batson anti H 1 Tapsell, (1 B Corson, 
H L Dodge, P Fischer and V Ehrncke, J it Freeman and G W Quick, 
L Guillet and co workers, W H Hatfield, II M IIowe,L M Jordan, F Berber and 
co-workers, J H G Monypenny, E Popl and co workers, O Romhold, A Kauveur, 
R Waddell and L Johnson, and A E White and C L Claxke R B MacPherran 
observed that the maximum tenacity at elevated temp is lowered by nickel, but is 
not much affected by chromium R B Wilhelm's results for a medium carbon steel 

- with 0 37 to 0 40 per cent 0 , 0 63 
to 0 69, Mn, 0U to 014, Bi, and 
approximately 0 012, P , and 0 037, S 
--aie shown in Fig 217 F Korber 
and H Hoff, and A Pomp and co 
workers, and P Bardenheuer and 
K L Zeyon, examined the effect on 
the mechanical strength of over heating 
cast iron 

The decrease in Young's modulus 
due to stretching m tho cold state and 
its subsequent recovery by agemg at 
room temp , or m boiling water, was 
studied by J Bauschmger, J Muir, 
L B Pfeil, C W Ycarsley, and M Rud- 
eloff , C A Seyrich observed that with 
a cold drawn, steel wue, the modulus 
had not recovered six months after 
drawing , and in another sample, 
P Goerens observed no appreciable 
Honda and R Yamada found that a 



Fig 


217 — The Effect of Temperature ou 
the Tensile Properties of Steels 

effect had occurred m three months K ^ 

decrease m the modulus produced by sti etching had not occurred after being heated 
fox 30 nuns at 100° to 200°, and with a sample of mild steel, severely cold worked, 
no recovery of the modulus had occurred m feix months, an annealing at above 600° 
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was required for the recovery Measurements of the tensile strength of armco 
iron, mild steel, and nickel steel by T Kawai are summarized mFigs 218 and 219- - 
the hardness of these metals is indicated in Fig 196 The recovery of Young’s 
modulus by annealmg mild steel is shown by the dotted lme whose ordinates and 
abscissae are on top and on the right of the diagram E Heyn, and G Sachs 
attributed the decrease of the modulus by cold-working to the internal stresses set 
up by cold-working , and K Honda and R Yamada interpreted this explanation 



in terms of the atomic force E Murata, and T Kawai showed that there is a release 
of an internal stress during annealmg T Kawai observed that the increase m 
the internal stress during cold working makes Young’s modulus decrease , but the 
phenomenon may be more or less obscured by an increase m Young’s modulus 
which is due to a change m the orientation of the crystals during cold working 
whereby the orientation of the crystals is made to coincide with the direction of 
the axis of the bar or wire 0 A Knight found that heatmg a wire while subjected 
to a load mcreased its lesistance to deformation 

According to C Codron, if S denotes the sectional aiea of the tensile test-piece, 
and S', the sectional area on breaking, the coefE of ductility or of malleability can 
be defined as I—S'/S, and it is a function of the reduction of area The results by 
C Codron are summarized m Fig 219 The critical periods of ductility m steels 
containing different elements weie found to be very variable M Leblant found a 
minimum reduction m area near 200° with extra hard steel, and at 300°, with hard 
steel , the corresponding elongation is a minimum between 200° and 300° E Preuss 
observed that with a pearlitic nickel steel with 0 15 per cent of carbon, and 3 per 
cent of nickel, a minimum elongation occurred at 300°, and a slight decrease m 
the reduction of area at the same 
temp The brittleness, therefore, / o 
appears to be a mmimum at these ^ os 
temp F Robin discussed the ap- \ 08 
plication of these results to the ^ 07 
forging of metals, P Junkers, the 06 
decrease in the resistance to de- > 05 
formation with increase of forging \°* 
temp , O W Ellis, the effect of | QZ 
temp on the malleability of iron and § Q f 
steel, A F Shore, the measure ^ Q 
ment of toughness, andR Stumper, 
the effect of the final rolling temp 220 — The Ductility of Iron and Steel at 

on the mechanical properties The Different Temperatures 

ductility was discussed by P Ludwih, and J Vietorisz 

Following H J Gough’s study 0 on the fatigue of met xls— ude inj> a -if a speci- 
men be loaded up to a point B, Fig 221, and the load removed, then, if no permanent 
elongation occurs, the matenals are said to be perfectly elastic , the loading and 
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unloading cunts, JB, an \BA, arc the same, and the phenomena aie reversible 
Actually, however, when the load is p, while the sample is being loaded, the elonga 
tion is 00, and with the same load j>, while the sample is being unloaded, the 
elongation is OB The difference, CD, thus represents a lug or hysteresis in, the 
strain when the stress is p Elastic hybterem in applied to the case where no per 
manent sets occur on removing the load, but a strain exists m other parts of the 
c}de Again, if no strain disappears when the stress on a solid is removed, the 
material is perfectly plastic, but with all metals some strain is re< ovcied when the 
sties* is removed If AB , Fig 221, represents the stress strain curve, and b the 
total strain, then when the stress is removed, a permanent elongation, AO, maybe 
recorded, and this is called the permanent sit ox plastu strain , and Ob represents 
the dastu strain released by unloading In a thud < ase, Fig 221, when tlu load is 
mamt lined at B, plastic stxam sets m, produc mg tlu plastic strum BF This strain 
increases at a decreasing rate, being very rapid at lirsfc, and then iftex slower and 
slower so that the whole process occupies days or weeks When the btress is 
relieved by unloading, some elastic strain is r< c overed, but there lemams a permanent 
set AO In some cases the pa manent set diminishes until some lower value, AH, 
is attained The subject was discussed by J V Howard and >S L Smith, 
W E Dalby, W Kerr, M F Sa\rc, and A Pomp and A Dahmcn The plastic 
strain, BF, under load is often called the creep , and the dec reasc m the permanent 
set, OH, with no load can be called elastic after-effect that is, dn elasimh 

Ncahwirkunq clastic 
afterworking or elastic 
hysteresis or lag Both 
phenomena aio cases of 
creep, and, according to 
II J Gough, are the 
same phenomenon due 
to the same cause The 
permanence of the dimcu 
sions of steel under stress 
at an elevated temp was 
discussed by W 11 Hat 
field, and L Jamnn 
In the stress strain or load-elongation diagram, the elastic limit is taken as the 
load at which a deviation from Hooke’s linear relation 1 13, 17 is first apparent, 
this point is also called the limit of proportion, P , from a second point of view, 
the elastic limit may be the first permanent set Which is observed on r< moving the 
load , this point is the so called limit of restitution, R , and from yet a third way of 
considering the problem the elastic limit < orresponds with a point of inflection on 
the stress-temperature curve , this point is called the thermal limit of proportionality 

Ab a result of the observations of J V Joule, and Lord Kelvin (W IhompHon), it was 
found that it thermal losses due to radiation, conduction, etc , are allowed for, cold is 
produced when a metal is strained by opposing an elastic force, and heat is developed 
when a ra©tal is yielding to an elastic force , and with cycli< stresses, there is an average 
temp of the metal which does not vaiy since heat is neither absorbed nor evolved If a 
stress, p, is applied at the absolute tc mp , T , ami c denotes geometrical deformation produced 
by a temp oi 1 when the body is kept under a constant stress , c, tho sp ht , B, the 
density, and J 1 , the mechanical equivalent of heat, then, assuming perfect elasticity, 
Lord lvelvm showed that the elevation of temp produced by tho sudden application of 
stress is T< p/Jcl) 

\c< ending to H f Gough, it 1» is bun observed that metals like coppei, cast 
nun, and untunpeud steel undergo pUhtic strain when small stresses are applied, 
and they show no definite P, R, oi T limits , while iron, mild steels, and many 
other metals show definite P and R limits which are generally in good agreement 
J A Ewmg observed that definite hysteresis loops were always obtained by direct 




JFig 221 —Elastic Hysteresis Loop 
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tension with wires of iron, steel, brass and copper , J J Guest and F C Lea, that 
definite hysteresis loops occurred with mild steel under all ranges of torsional 
stresses, though with up to a certain stress no creeping under load was observed 
B Hopkmson and G T Williams, with direct stresses, and F E Rowett, with 
torsional stresses, also found elastic hysteresis with low stresses CAP Turner 
found that the thermal limit of proportionality is generally lower than the P-limit , 
E G Coker observed that the fall of temp was linear up to a stress corresponding 
with P, after which, proportionality ceased, and a sharp reversal occurred when 
the yield stress was reached , E Rasch, and I R Lawson and f A Capp observed 
i general agreement between the P- and T points, but elasticity was imperfect 
Fatigue and overstrain were studied b> R Cazaud, H F Moore, R H (heaves, 
Z Jeffries and R S Archer, 1 W Landon J k Wood, H P Tioendly and 
G V Pick well, R W Bade}, H J French md co workers, J S Biown, 
F C Lea ind co workers, 1) Hanson, P Henry, E Honeggei , and R Liljeblad 

The elistu limit or yield-pomt represents the maximum distortion winch a 
body can suffer and } et return to its original form If the strain is not much greater 
than the elastic limit, the restoration of the original foim will take place very slowlv 
The metal exhibits elastic recovery Thus, we are told that some steel bridges may 
sag during a heavy week's traffic, but recover during a week end s rest It is 
possible to apply a much greater stress than the elastic limit provided the stress 
be very quickly applied Thus, B Hopkmson has shown that a wire with an 
elastic limit of 17 8 tons per sq m withstood a stress of 35 5 tons per sq m applied 
for less than the thousandth part of a second Z Jeffries and R S Archer thus 
describe the phenomenon of fatigue When hot rolled or mild steel is tested m 
tension, the first part of the stress strain diagram is a straight lme representing the 
elastic deformation up to about half the tensile strength When a bar of this 
material is loaded to a stress well beyond the yield-point, on removing the load, it 
will have lost its elasticity , and the second application of the load furnishes a new 
stress strain diagram which curves away from the straight lme representing the 
proportional deformation, and the proportional or elastic limit is reduced almost 
to zero If, however, the bar is allowed to rest for a few weeks after the first 
loading beyond the yield point (over-stramiAg), before the second tensile stress is 
applied, it will have recovered its elasticity, and may have a new proportional limit 
higher than the original limit This recovery of elasticity takes place slowly at 
ordinary temp , and more rapidly as the temp is raised , thus, J Muir found that 
the recovery of elasticity is as complete after a few minutes at 100°, as it is m 2 weeks 
at room temp , and at 250°, the time required for the recovery is measured m 
seconds or fractions of a second 

R H Greaves concluded from his observations on the recovery of elastic 
properties after simple overstrain m tension The rate of recovery of elasticit} 
varies greatly with different steels, the harder steels m general recovering more 
slowly The greater the degree of overstrain, the longer the time required to 
bring about recovery at a given temp , or the higher the temp required to bring 
about recovery m a given time All steels show some progress towards recover} 
at atm temp , but m the case of the harder steels, it is ver> slow The effect of 
30 years’ rest at atm temp on an overstrained crucible steel having 1 22 per cent 
carbon, was about the same as the effect of holding the metal for I hi at 100°, 
and considerably less than the effect of holding it for an hour at 125° E G Coker, 
and E J McCaustland also found that there as a certain imount of recovery with 
overstrained mild steel and wrought iron at 0°, after which the recovery proceeds 
no further According to Z Jeffries and R S Archer, the recovery of elasticit \ 
on ageing at ordinary temp , or on heating at temp up to about 300°, is attended 
by an increase m hardness, and tensile strength, and by a loss of plasticity Elonga- 
tion is usually reduced to a marked degree although the reduction of area is less 
affected Hence, the change that occuis is, m general, a hardenmg and stiffening 

Z Jeffries and R S Archer added that while the proportional limit m tension 
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can be greatly increased— nearly doubled by overstTam in iension followed by 
ageing, or beating at low temp , the limit m compression is not similarly increased 
In fact, it bas been reported that the gam m the tensile proportional limit is almost 
exactly compensated by the loss m the compressive proportion il limit, so that the 
total elastic range is not greatly changed I A van den Brook, however, found 
that by stretching and reheating, the tensile proportional limit of mild steel can be 
almost doubled while still retaining the original compressive proportional limit 
H M Howe discussed cases where (i) the overstrain strengthens the metal against* 
a later stress m the same direction, but weakens vt agamst a stn ss m the opposite 
direction , and (n) one m which it strengthens the metal m all directions though to 
a degree which vanes with the direction of the later stress, being greater for stresses 
which arc m the same direction as the overstrain itself 

Z Jeffries and R S Archer hold that the blue licit phenomuion and that of 
elastic recovery aie both due to a spontaneous increase m resistance to motion of 
the slip-planes formed during deformation 

It is supposed that immediately aftox motion bogins on a slip plane tho instance is 
loss than the shearing strength of tho unbroken crystals Deformation tends to progress 
by continued motion on this plane, until bxouglit to a halt by end resistant o that is, by 
the mterfoience ot adjacent grains Jf the dofotinmg load ih removed immediately aftei 
slip has started and time is allowed foi elastic xc < overy, then tho resistant o to motion on tho 
plane of slip spontaneously mcitasos to a value equal to ox greater than tho resistance to 
the formation of a new slip plane Jhuthcu deformation must then take place on new 
planes The tune xequircd fox this me leases m resistant o is less as tins t< mp rises, so that 
at about 250° to 100° the change is pxa< tic ally instantaneous and oc t urw during the progress 
of any ordinary deformation, sue h as a tensile test Tho 1 osult is t hat at a blue heat a given 
external defoimation produces more internal deformation, or cold working, and hence more 
hardening than tiro same amount of external deformation effected at room temp This 
statement applies to deformations effected within a short period of time, such as during 
an ordinal y tensile tost If the defoimation winch take i place during tho tensile test at 
loom temp could bo effected very slowly so that there was time fm elastic recovery during 
tho test, we should expect tho tensile strength to be me nosed to an extent comparable 
with the increase obtained at a blue heat Ac c ord mg t o t lie t heory hero dose nbod, tho blue 
heat properties of iron are duo to < ertam po< uhai lties of the proc ess of deformation, and are 
not specific properties of crystalline iron Tho yi< Id point, tensile strength, Brmnll hardness, 
elongation and reduction of area are all piopeitic s whose m< asuument nc < < ssanly involves 
plastic deformation Ihe true elastic liAnt, on tho other hand, being tho stress at which 
plastic defoimation begins, cannot lie affected by tho mechanism described, nor can the 
modulus of elasticity Unless there is an allotropu < hango (c hange in at ormc ax rangoment), 
it is to be expected that both elastic limit and clastic modulus will dcacaso continuously 
as the temp uses There is a lac k of sustaining evide nc e of any allot topic ( hango m these 
temp regions, and lccentlv JL 0 Ham has found by X rav analysis that iron at *100° has 
t lie same body centred cubic lattic o as at room temp 

In the so called bending test for ductility, a bar of iron ih bent by steady pressure 
or by hammering, until an angle of 180° is attained, or until tho iron ruptures In 
ihe latter case, the angle at which the fracture occurs on the outside of the bend is 
noted The test is usually carried out at ordinary temp , but m order to detect 
red-shortness, or a high sulphur content, the test may be carried out at about 
900° or 1000° In the me ked bending test the test-piece is nicked all round, before 
bending, so that the fracture shows the texture fibrous or crystalline These 
tests are generally used as guides m the workshop 

The subject was discussed by L Aif c binon and L W Johnson, 10 L H Aoploby, 
C Bach, P Bardenheuer, J Bartel, O S Bell and O H Adamson, B Blount and 

co workers, E Bnnckmann, G Charpy, O Cook,J G Docherty, B A birth, J K Fletcher, 

R Herbst, E Houdremont and H Kallen, E Houdremont and R Mailandor, S Ikeda, 

L Jamun, W E Johnston, T von JK&rman, W J Keep, G H Keulegan, B L Keynon, 

A B Kmzel, G Klein and W AiclihoLser, R Kuhnel, W Kuntez, M Laut/, I > Ludwik, 
H Lupfert, A Lundgren, A Martens, G Mehrtens, E Meyer, H Meyer, B Mitsche, 
B Moldenke, J Muir and D Bimue, E Nusbaumer, J G Pearce, S N Petrenko 
Ir Piedbceuf and M Remv, A Pmegm, H Pommerenke, F Roll, W Bosenham and 
A J Murphy, M Rudeloff, H B Sankey, H Schottky, A Schuchart, E Sohiir, 
W A Soohle, H Scott, J Seigle, E Siebel, CAM Smith, E K Smith and L Lichtenfeld, 
B Stnbeck, O Thallner, A Thum and H IJde, and H E Wimpens The effect of mtro 
gemzation was studied by A Pomp and A Lmdenlierg 



IRON 


71 


R Schottler, and C Bach, discussed the fact that the tensile strength of cast 
iron calculated from the bending tests is greater than the value obtained by applying 
a direct tensile stress P Goerens and G Hartel measured the angle through 
which bars of 0 085 per cent carbon steel could be bent at different temp The 
curve for the bending angles required for fracture shows a sharp minimum 
between 400° and 500° , and the bendmg angle becomes rapidly less as the 
temp falls from, say, 0° to —75° 0 Remhold measured the bendmg angles of 

steels at different temp , and obtamed similar results M Koepke and E Hartig, 
and G Mehrtens showed that wrought iron, whether cooled down to —100° or not, 
is somewhat more rigid than steel when tested by shock or bending The bending 
number becomes less, but whereas steel behaves well, wrought iron cracks on its 
convex surface after a few blows F Sterner, and H Gollner found that a wrought 
iron test piece could be bent 180° at —50° without fracture, but a nicked test-piece 
could not be bent to so great an angle at this temp as was possible at the normal 
temp The fracture at the reduced temp was of a crystalline nature, and that at 
ordinary temp was of a fibrous nature Annealed cast iron and steel which in 
their normal condition could be bent double without difficulty, withstood a slight 
bendmg at —50°, and, on the third light blow, it snapped like glass , E Kuczera and 
E Remisch, and M Koepke and E Hartig also made observations on this subject 
Steel bars which had been cooled showed a greater resistance to impact than uncooled 
bars — for the effect of cooling steel on the structure, etc , vide supra austenite and 
martensite G Meyersberg studied the effect of work, and of the dimensions of 
the test-piece on the bendmg test 

P Goerens measured the flexibility of iron m terms of the number of times it 
can be bent backwards and forwards to certain angles before it breaks off The 
course of the flexibility curve corresponds with the tensile strength curve , up to 
520°, the flexibility is influenced to a slight degree rising from 11 to 16 , there is an 
abrupt jump to 27 at this temp , and a subsequent rise in the annealmg temp is 
accompanied by a small rise of the bendmg number to 32 If the annealmg coarsens 
the gram, there is a fall m the bending number According to W Herold, by slowly 
raising the load on the bending test machine, the strength can be augmented in 
some cases 30 per cent above the result of the short-time test A change of 
structure is produced m the long time test In the case of annealed and quenched 
pearlitic and martensitic steels, there is a separation of the two solid phases so that 
the harder phase is driven to the gram boundaries which slow up more clearly giving 
the impression that the structure has been coarsened In the case of pearlitic steels, 
the cementite migrates to the gram boundaries, and, in the neighbourhood of the 
fracture, it consists of ferrite with granular pearlite at the gram boundaries 
J W Cuthbertson studied the subject J Muir and D Bmme discussed the 
overstraining of iron by bendmg 

The transverse strength of iron is measured by the so-called transverse or cross 
breaking test m which a baT of iron of standard size is supported as a beam and 
loaded centrally under standard conditions The strength is measured by the 
central load the beam will carry without rupture , the deflection of the beam before 
rupture gives a rough measure of the toughness The test is favoured for cast iron 
Observations were made by E Hodgkmson 11 m 1824 The standardization of 
the test has been discussed by a committee of the American Society of Mechanical 
Engineers, by W J Keep, J E Stead, J A Mathews, R R Devnes, G W Dress, 
H C Dews, G R Johnson, C Jovignot, R Krohn and F Kmtzle, E C de Segundo 
and L S Robinson, G S Bell and C H Adamson, J B Kommers, J G Pearce, 
W R Needham, J Navarro, W C Unwin, G Hailstone, and W J Millar Working 
with samples of cast iron having a span of 36 ins , breadth 1 m , and depth 2 ms , 
averages of 1344 tests gave ultimate strength, 3740 lbs , ultimate deflection, 
0 400 in , and modulus of rupture, 50,490 lbs per sq in J A Mathews obtamed 
the results indicated m Table XXX, with cast iron having 3 56 to 3 78 per cent of 
total carbon , 2 68 to 3 08, graphitic carbon , 0 70 to 1 04, combined carbon , about 
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0 45, manguwso , 0 8, phosphorus , OI.sulpliui, <uid siluoji H A(l<uusou found 
foi <ast iron with 3 56 to 3 58 total < arbon , 2 98 -to 3 05, Rruplntic carbon , 0 54 
to 0 59, combined carbon , 1 80 to 2 00, silicon , 0 072 to 0 11 sulphur , 0 59 to 

1 20, phosphorus , and 0 65 to 0 90, manganese, the transverse stiength m 3 ft 

was 27 5 to 38 5 cwts , the deflection, 0 114 to 0 386 in and the moment of 
resistance, 16 588 to 20 796 1 Bausehingn siestilfs tr< indicated m Table XXX 


I ABM \\\ TKANSUHHI hJltlNfllf Ol CVS! lllON 


Silicon 
(p< r cent ) 

Span 

(lmh< s) 

Mean centre lo ul 
(lb* ) 

Modulus ol nipt me 
(11m jut (j in ) 

'1 ensile fit length 
(Ihs pel «| in) 

| 

12 

$000 

17,100 

I 

J no 

IS 

mn 

15 000 

'■> 000 

1 

24 

1 421 

4 4,700 

1 

i 

12 

2000 

i 1 ; fioo 

1 

2 00 { 

lb 

isr> 

>1 $ 200 

_'l $70 

1 

24 

1201 

$0,700 

1 

( 

12 

2880 

$0,200 

1 

2 no \ 

18 

1005 

1 1 000 

21,000 

1 

24 

1400 

\ 1,000 



H Meyei gave for tie effect of temp on the modulus of rupture (torn per sq m), 
and tie maximum deflection m inches 


18 ° 8 r > 355 ° 170 ° > 80 * 810 

Modulus of rupture 23 6 21 0 21 1 210 10 0 0 2 

Max deflection 0 30 0 28 0 28 0 30 0 57 0 71) 

L H Appleby 12 measured tie resistance of iron to shearing and torsional 
stresses, and found that open-hearth steel iad a torsional limit of 20 0 ( ) tons and a 
breaking stress of 39 29 tons per sq m , while the shearing resistance was 29 7 tons 
per sq m Some results of the breaking stress, m tons per sq m , arc indicated m 
Table XXXI The numbers in brackets refer to the number of twists on a length 
of 30 diameters which were found after fracture J Bauschmger’s results for the 
tensile and compressive strengths, the transverse strength, the shearing strength, 
and the torsional strength are indicated m Tabic XXXI , and those of 
L H Appleby, m Table XXXII f Platt and It F Hayward found that 

I abli XXXI — Mechanical Pnomtrn s <u Ikon and Sim 



1 e nsile 
strength 

Oomprcs 

sivo 

Htrcngth 

Bonding 

test 

lornlcmed strength 

limit Rupture 

Shearing 

strength 

Cast iron 

12 517 

_ 



14 417 (0 04) 

12 338 

Wrought iron 

25 410 

— 

— 

8 928 

26 042 (10 66) 

22 436 

Cast steel 

29 060 

23 131 


Emu 

39 286 (0 90) 

29 700 

Forged steel 

28 415 

— 

51 351 1 

11 163 

30 878 (7 64) 

24 436 

Bessemer steel 

04 465 

- 

66 207 

17 817 

08 2J1 (10 0$) 

18 931 


the shearing strength is always less than the tensile strength , and that the ratio 
shearing strength tensile strength increases as the tenacity increases and is 85 per 
cent for wrought iron, 81 per cent for mild steel, 64 to 70 per cent for steels with 
a high proportion of carbon, and for cast iron, 40 per cent , the torsional strength is 
greater than that of the direct shear, and the ratio varies with the tenacity and 
nature of the materials The modulus of elasticity m torsion is about 40 per cent 
of the modulus m tension E G I/od, and J Goodman obtained higher results 
thanJ Platt and R P Ha> ward for the shearing strength of cast iron E G Izod 
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gave for the ultimate tensile stress of cast lion, 9 7 to 13 7 tons per sq in , and for 
the ultimate shearing stress, 13 9 to 17 4 tons per sq in J Goodman gave for 
cast iron, 10 9 to 11 5 tons per sq m for the ultimate tensile strength, and 12 9 
to 13 0 tons per sq m for the ultimate shearing stress W Pungel discussed the 
effect of cold-work on the torsion strength of steel 

Observations with iron, etc were made by G C Anthony, W Bader and A Nadai, 
A J Becker, G S Bell and C H Adamson, B Blount and oo w orkers, T H Burnham, 
F G Coker, G Cook G K Flliott, T V Fmmons O Foppl C Fremont, A GlazunofT 
J T Guest and F C lea F L Hancock,? Henu W Herold A G Hill, L 1 Johnson 
and T R Nichols, W Jolley, J B Kommeis W Kuntze C F Tarard I C Lea and 
F Hejwood E Lehr, W Lode P Tndwik V 1 udw lk and eo workers T) F Mao Adams 
r Perard, P Rtgnauld M Rudeloff A bauveur, H A Schwartz, \\ A Scoble 
J B Seel} and W T Putnam J Seigle, J Seigle and co w orkers, Y Sekigucln K Sipp 
(< A M Smith, T H Smith and I \ r Wamock, R Ij PemplmandR L Moore, \ View eg 
ind \ Wottliauor P B Wlutnoy and G K T)ohnu and F P 7immorli and co woikors 


1 ujn XXXIT - -Mechanic \i Ijsts oi C \kbon Stiiis (kgrms pei sq mm) 


Carbon 
(per c* nt ) 

Tensile 

strength 

limits 

Tensile 

strength 

Compies i 
sive 

strength ! 
limits 

Comprcs i 
sive 

strength 

I ransverse 
strength 
limits 

Transverse 

strength 

Shearing 

stress 

Torsional 

strength 

limit 

0 14 

30 

44 

28 

48 

38 

_ 

34 

_ 

0 19 

33 

48 

30 

54 

42 

— 

37 

15 

0 46 

35 

53 

34 

63 

40 

83 

36 ; 

15 

0 51 

34 

56 

33 

70 

42 

93 

40 

— 

0 54 

35 

56 

34 

61 

40 

86 

39 

15 

0 55 

13 

56 

35 

62 

42 

88 

40 

— 

0 57 

33 

56 

34 

66 

45 

96 

36 

16 

0 66 

37 

63 

38 

66 

44 

86 

43 

17 

0 78 

37 

65 

38 

73 

47 

88 

41 ! 

18 

0 80 

40 

72 

44 

97 

47 

76 

48 

20 

0 87 

43 

74 

39 

89 

47 

77 

50 

20 

0% 

49 

83 

50 

99 

69 

85 

58 

27 


In the fracture of iron by alternating torsional stresses, fracture may occur 
when the total distortion is small or inappreciable H Gough found that with 
single crystals of a-iron, the direction of slip is the octahedral direction At any 
point on the surface of the specimen there will exist a plane on which the value of 
the shear stress resolved m the contained octahedral directions is a maximum for 
all si mil ar resolved shear stresses Slip will not, m general, occur on this plane, 
unless the plane coincides exactly with a dodecahedral (110), icositetrahedral (112), 
or hexakis-octahedral (123) plane of the crystalline structure (and then only when 
conditions of perfect symmetry obtain) In other cases, the distortion is produced 
by slipping on two planes, each of which corresponds to one of the above crystal 
planes These slip planes are situated on opposite sides of the plane of maximum 
resolved shear stress, although not, m general, equidistant from that plane Each 
slip-plane is determined by the consideration that it is subjected to a greater value 
of resolved shear stress than any other possible slip piano on the same side of the 
plane of maximum resolved shear stress The slip bands will, m general, be of a 
duplex type, the average slope being that of the trace of the plane of maximum 
shear stress on the surface of the specimen The limits of slope of the slip bands 
will agree with the traces of the planes of slip Under very small deformations, 
the slip-bands appear either as short separate traces of the slip-planes, or of a com- 
bination of these traces, and can be identified as such Under great deformations, 
however, the component slopes of the slip bands are difficult to resolve, and some- 
times they cannot be resolved at all In the latter case they present a very wavy, 
branched appearance bearing no appreciable relation to the crystalline structure 
Observations on smgle crystals were made by J Komgsberger For mild steel, 
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E G Izod, and T Goodman respectively gave 26# and 23 6 tons per sq m for the 
ultimate tensile strength, and 21 0 and 18 9 tons per sq m for the ultimate shearing 
stress The ultimate shearing stress of cast iron — free from blow-holes and sprrngi 
ness — is greater than the ultimate tensile strength J Frenkel discussed the theory 
of the shearing strength of crystals , D Binnie, the overstraining of steel by torsion, 
G H Gulliver, and C Fremont, the shearing strength of iron and steel W Jolley 
found the measurements with cast iron to be unsatisfactory M Majima found 
that when the elastic limit of mild steel is exceeded m torsion, the deformation 
becomes plastic, and with a constant twisting couple the angle of twist ultimately 
reaches an upper limit After several hours the material recovers its elasticity, 
the recovery being nearly proportional to the time of rest If, then, the twisting 
couple is mcreased, elastic deformation is produced, and up to the new elastic limit 
the stress strain relationships are approximately equal to those observed within 
the original elastic limit The results are satisfactorily explamed by the shp band 
theory P Chevenard measured the variation with temp of the torsional rigidity 
of some carbon steels, and found that the variation with temp of the inverse 
squares of the times of oscillation only represents the apparent variation of the 
torsion modulus up to 300° Above 300°, the decrements showed a rapid increase 
The anomaly m the elasticity of carbon steels is directly proportional to the carbon 
content L di Lazzaro found that when torsional and tensile stresses are applied 
simultaneously, the torsion modulus diminishes, and rises again after the tension 
has been released 

According to H Tomlinson, the longitudinal and torsional elasticity of iron are 
not so much affected by raising the temp as is the case with internal friction 
The torsional elasticity of annealed iron is temporarily decreased 2 693 per cent 
when the temp is raised from 0° to 100° , an annealed wire tested with a certain 
load at 12° was temporarily elongated 0 751 mm , when heated to 100°, 0 793 mm , 
and when cooled again and tested 24 hrs afterwards, 0 725 mm Thus, as with 
torsional elasticity, there is a permanent increase of elasticity, and a temporary 
decrease of 2 58 per cent Time is here an important factor, for the elasticity 
immediately after cooling is appreciably less than it is after a long rest With both 
torsional and longitudinal elasticity, after an iron wire has been permanently 
extended by traction, the elasticity is permanently increased by long rest The 
carrying power of a magnet, also, can be considerably increased by putting on the 
load m small quantities at a time, with long intervals of rest between Ail this is 
taken to mean that if the molecular arrangement of iron be disturbed by any stress 
whatever, exceeding a certain small limit, the molecules will not assume at ordinary 
temp those positions which will secure a maximum of elasticity, until after a rest 
of many hours K Yuasi’s observations, were indicated in connection with the 
tensile tests H J Tapsell and W J Clenshaw studied the subject 
For the torsion modulus, in kgrms per sq mm , C A Coulomb gave for iron, 
7,651 , G Pisati, 8,082 , N Katzenelbohn, 7,505 , M Baumeister, 7,975 , A Gray 
and co workers, 8,230 , C Schafer, 7,337 , H Tomlinson, 7,590 , and F Horton, 
8,280 For the torsion modulus of steel, W Voigt gave 8,070 , H Tomlinson, 
7,731, G Pisati, 8,262 , A Gray and co workers, 7,965 , G F C Searle, 7,872 , 
F Horton, 8,470 , and F A Schulze, 8,022 For Poisson’# ratio, P Cardam gave 
0 321 , J D Everett, 0 310 , M Baumeister, 0 304 , J R Benton, 0 288 , 
N Katzenelsohn, 0 272 , H Tomlinson, 0 281 , J Morrow, 0 263 , A Mallock, 
0 253 , O Littmann, 0 243 , 0 Schafer, 0 247 , and E Gruneisen, 0 280 for steel 
with 0 1 per cent of carbon to 0 287 for steel with 1 0 per cent of carbon H Polmck 
calculated Poisson’s ratio, w t from w—0 5-tEk, where E denotes Young s modulus, 
21 3x10“* 11 cgs units, and To the coeff of compressibility, 0 606X10 11 , so that 
t 0 =O 285, when E Gruneisen observed 0 28 Observations were also made by 
W P Wood, C Fremont, E G Izod, W E Lilly, W C Popplewell, E L Hancock, 
0AM Smith, E Siebel and A Pomp, C Bach, O Bretschneider, T Reimers, 
J J Guest, G Moreau, E Goens, F W Alexander, and J Seigle and F Cretin 
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AES Love and others have studied the mathematical theory of elasticity 
and shown that for simple torsion, m static testing, and m the range wheie stress is 
proportional to strain W, the energy absorbed per unit vol is W=C 1 S a 2 /2F, where 
C x is a constant , S a , the maximum stress m torsion , and F, the modulus of 
torsional elasticity Likewise also for tension or compression, TF===C 2 $& 2 /2.E, 
where C 2 is a constant , S b , the maximum stress m tension or compression , and E, 
the modulus of elasticity in. tension In the case of reversed stresses, W, the 
amount of energy mvolved per unit vol per cycle of stress at the endurance limit, 
is W — (S x 2 J rS 2 2 )/2E, where E is the modulus of elasticity , the maximum stress 
per unit area , and S 2 > the minimum stress per unit area If the cycle does not 
involve a reversal of stress, IF=(^ 1 2 — 5 2 2 )/2 -®j when S x and S 2 are both values m 
tension or both m compression 

J Goodman showed that as the range of repeated stress on a steel is decreased, 
the maximum stress that can be carried successfully an indefinitely large number of 
times is increased , and H F Moore and T M Jasper showed that whilst this 
relation holds for normalized steels over a considerable range, with heat-tTeated 
steels, when the elastic limit and yield pomt approach proportionately nearer the 
ultimate strength, the limits of endurance do not follow J Goodman’s relation , 
and the upper limit of the range then rarely goes beyond the }ield-point of the 
material The endurance limit represents the maximum stress a metal can with- 
stand m repeated stress for an indefinitely large number of cycles If the repeated 
stress of a ferrous metal is run at a stress very little above the endurance limit, 
it will usually fail before it has reached 2,000,000 cycles whereas if the metal is 
repeatedly stressed at or near the endurance limit, it will withstand at least 
100,000,000 cycles without failure, and in some cases as much as 900,000,000 cycles 

In his study of the kinetic theory of solids, W Sutherland showed that if F 
denotes the modulus of shear at any temp T° K , F 0i the modulus of shear at 
0° K-, and T m) the absolute temp of the mp, then FIF 0 ^1—{T/T m ) 2 
A E H Love, and A Morley have shown that for an isotropic elastic solid, if B 
represents the bulk modulus, E=9BFl(F+3B), and B~FEI{9F~~3E ) , and 
W Sutherland deduced for the bulk modulus, R=2Wo8/9a{l/(ajT)— 4}, where J 
denotes the mechanical equivalent of heat , h, the sp ht , 8, the density , a, the 
coeff of linear expansion , c, a constant which is nearly umty , and T, the absolute 
temp at which the test is made Smce J and c are constant, and 8 may be taken 
to be constant over the range 0° to 1400° F , the equation assumes the form 
B—Jchja{(l jaT) —4}, where Jc is a constant H Brearley investigated the energy 
involved m bringing a steel to the yield-point T M Jasper examined these 
relations for steel The results m Table XXXIII for TF==(Si 2 +$ 2 2 )/2i? were cal- 

Table XXXIIT — The Energy Absorbed in Bringing Steel to the Yield point 


Temp 
(i ) 

Yield point 
(tons per sq in ) 

S 1 

(lbs per sq m ) 

E 

(lbs per sq in ) 

S^IZE 

Per cent devia 
tion from mean 

65 

38 8 

1 

30,000,000 

126 

- 34 

212 



28,000,000 


- 57 

392 



25,300,000 

135 

4- 36 

572 

33 44 


22,400,000 

126 

- 34 

752 

33 6 

» % i 

19,500,000 

145 

4-11 1 

842 

31 32 

i 1 

18,200,000 

135 


932 

28 68 

64,200 

16,700,000 


+ 57 


culated by T M Jasper — for static tests where S 2 is zero, and W =$i 2 /22? The 
results show that the value of the energy involved per complete cycle of stress for a 
specific wrought ferrous metal at the endurance limit, is nearly constant , and the 
energy mvolved m bringing the stress to the static yield-point under different temp 
below 510°, is a constant , above 510°, the value of the modulus changes abruptly 
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indicating a possible critical point G 1) Newton, and F Schleicher discussed the 
energy necessary to shear steel at a high temp H H Lester, and H H Lester and 
R H Abom discussed the behaviour of the atoms within a crystal of iron when 
stressed up to and be} ond the elastic limit 0 Schafer observed a relation between 
the temp coeff of the torsion modulus, A, and the m p of metals corresponding with 
that observed m the case of the temp coeff of the hardness J H Poyntmg 
observed that when a loaded wire is twisted, it lengthens by an amount pro 
portional to the square of the angle of twist , and that with a wire previously 
straightened by heating under tension, the lengthening is the same for all the loads 
which were tried Hence, the only function of the load is to straighten the wire 
He also discussed the theory of the phenomenon 

The modulus of elasticity m shear, the modulus of tiimsverse elasticity, oi the 
modulus of rigidity, of iron at 15° is, according to W Sutherland, 750y 10~ <» gram 
per sq cm For the ratio at 100° with that <it 0 , A W Napierskj gave 0 979, 
F Kohlrausch and F E Loomis, 0 960 , and II Tomlinson, 0 950 Lord Kelvm 
(W Thomson) gave for the absolute value between 0° and 20°, per gram per cm , 
790 x10~o, H Tomlinson, 751x10-0 to 773 x 10 - 0 , Q Pmti, 811 xl(H, 
F Kohlrausch and F E Loomis, 694 X KM, A T Kupfter, 713x10-° to 742x10-°, 
C Schafer gave 0 734x10-° kgim per sq mm at 20°, E Grunexsen, 0 828x10-° 
at 18° , and B Gutenberg and H Schlechtweg gave for the average rigidity of iron, 
7 8 X 10 11 dynes per sq cm For drawn steel having 1 0 per cent of carbon, 
E Guye and V Freedencksz gave 0 857x10-° kgrm per sq mm at —196°, 
0 829x10-° at 0°, and 0 811x10-° at 100°, K Iokibe and S Sakai, 
0 7985x10-° at 24°, 0 750x10-° at 216° , 0 706 X 10-° at 418° , 0649xl0-°at 
595°, and 0 518x10-° at 650° with wire having 0 0085 per cent of carbon, 
annealed at 800° , and K R Koch and E Dannecker gave for annealed wire 
with 1 0 per cent of carbon, m kgrms per sq cm 

20 200 400° 000° 800° 1000° 1200 

Torsion modulus X 10 6 0 805 0 7 64= 0 712 0 401 0 277 0 270 0181 

H Tomlinson gave 704 X 10-° grm persq cm for hard drawn and also annealed 
iron wire, and W P Wood gave for the torsion modulus, m lbs per sq m 


Hard draAvn 



lompirtd 




' 0 56 to 0 58 % C 
11,299,000 

6 76 to 0 83 % O 
11,427,000 

0 44 % C 
11,200,000 

0 67 % C 
11,4)7,000 

0 78 C 
10,607,000 

For steel with 0 35 and 0 90 per cent carbon annealed at 900°, T Kikuta gave for 
the coeff of rigidity, 2? xlO 6 kgrms persq cm 

percent c} Bxl0 ‘ 

20 

100° 

443 

031° 

79,>° 

924 

0 823 

0 784 

0 71* 05*3 

0 *24 

0 211 

per cent a)**™ 

20 

221° 

440° 

0J9 J 

780° 

937 

0 805 

0 764 

0 605 0 5295 0 321 

0 262 

and for steel wire with 0 55, 0 90, and 1 30 per cent carbon, K 
gave for coeff of rigidity 10 e kgrms persq cm 

Iokibe and S Sakai 

0 55 l 

percent QjE/W 

43 

0 783 

207 

0 7C5 

390° 

0 737 


600° 

0 562 



percent C } Axl0 ‘ 

50 

187 

419 


616° 


0 782 

0 762 

0 683 


0 600 

— 

per-cent c} Sxl0 ‘ 

20° 

221° 

412° 


599’ 

700 

0 773 

0 758 

0 739 


0 640 

0 447 


K Honda and T Terada gave 0 75 X 10 12 at 14° for the coeff of rigidity with a load 
of 3113 grms per sq mm G H Keulegan and M R Houseman studied 
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the subject A Gray and co workers found for the modulus of rigidity 
of mild steel 7 9648 xlO 11 dynes per sq cm at 17 0°, and 7 7704 xlO 11 at 
89 2° — a diminution of 0 000338 per degree , and for soft iron, 8 2855 X 10 11 at 13 6°, 
and 8 0125 X 10 11 at 93 8° — a diminution of 0 00041 per degree T Kawai observed 
that there is a decrease m the modulus of rigidity of iron and mild steel due to cold- 
working until a minimum is attained, after which, the amount of decrease dnmnish.es 
-with an increase m the degree of cold working K Iokibe and S Sakai studied 
fhe effect of temp on the rigidity P W Bridgman found that under a press of 
10,000 kgrms per sq cm , the rigidity of steel is increased 2 2 per cent Vide infra 
for the elect of rigidity on magnetization K Honda and H Hasimoto found that 
the rigidity is slightly decreased by an increase of carbon , it is decreased by quench- 
ing, and increased by annealing The effect of annealing was studied by 
F P Zimmerli and co workers, and T Kawai 

A Malloch observed that the elastic rigidities of iron and steel are identical at 
the same temp , and this value diminishes slowly from ordinary temp to a red-heat 
The limits of the elasticity of the two are widely different very small for iron, 
and increasing with the carbon content of the steel Just below 800°, the rigidity 
and elastic limits begin to dimmish rapidly The changes in viscosity and rigidity 
are not coincident with the change of state, and this is particularly noticeable in 
steels with a high proportion of carbon The diminution in the rate of subsidence of 
torsional oscillations m wires was studied by H Stremtz, O Feussner and E Ramb, 
G S von Heydekampf , O Foppl, S Higuchi, andG Pisati A Gray and co-workers 
observed that the rate of subsidence of the amplitude is slower at the lower temp 
Analogous results were obtamed for soft iron F C Lea observed two dis- 
continuities m the torsional rigidity modulus of mild steel at 120° and 230° , and 
discontinuities were also observed m a 0 57 per cent carbon steel Vide supra, the 
viscosity of iron 

According to H Tomlinson, the loss of torsional rigidity produced by twisting 
or stretching a wire beyond the limits of elasticity is partly diminished by rest 
The loss is more sensible with large arcs of vibration than with small ones The 
influence of rest is more apparent with large vibrations than with small ones Con- 
tinued vibration through large arcs has a similar effect on the rigidity to that pro- 
duced on the longitudinal elasticity by heavily loading and unloading The effect 
of vibrating hard steel through a large arc for several minutes makes temporarily 
the rigidity determmed for large vibrations greater than that determined from 
smaller vibrations The torsional rigidity is temporarily depressed by the passage 
of a powerful electric current, but is very little, if at all, altered by currents of 
moderate intensity The torsional rigidity of iron is temporarily diminished to a 
small extent by a high magnetizing force Both these effects are independent of 
changes produced by the current m the temp of the wire 

E L Hancock showed that (a) an overstrain in either tension or torsion destroys 
the elasticity of the material, but that this elasticity gradually returns when the 
piece is allowed to rest, the elastic limit becoming, in some cases, greater than its 
original value, and the modulus of elasticity the same as its original value (5) That 
the elastic properties of the overstrained material are restored by immersion for a 
short time m boilmg-water (c) That recovery is not aided by repeated impact 
from a light hammer (d) Materials overstrained m either tension or compression 
lose their elasticity for stress of the opposite kind, but the elasticity is restored by 
rest ( e ) The carbon-steels seem to recover more quickly than the nickel steels 
This, however, has not been shown conclusrwly by these tests, but all evidence 
goes to show th it it is tiue 

Observations on the resistance of metils to nnpa<t wire made hy Leonardo da 
Vinci, i^E Mariotte, P de la Hire, M de Cessait, W J Giavesande,F J de Camus, 
J V Poncelet, G Jum, M Rambourg, J R Perronnet, L de Maupton, etc 
E Hodgkmson 14 applied the impact or shock test to iron in 1833 E I) Estrada 
examined the effect of i sudden application of the load on the tensile properties of 
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wrought iron and steel He found that some fractures were finely granular or silky } 
in some cases a small load suddenly applied will produce a permai ent set, and, in 
general, the elongation mcreases and the elastic limit diminishes with loads suddenly 
applied Elongation is a function of the time, since it increases as the time diminishes 
though the ultimate resistance remains the same The tests applied to iron and 
steel with the object of finding their mechanical properties can be grouped as static 
and dynamic , and it has been found that the dynamic tests- illustrated by the 
so-called impact test — show characteristics of the metal which arc not revealed by 
the static tests The impact or shock test may be applied to notched or un-notched 
bars It gives an idea of the toughness or brittleness or rt silience of the metal 
T E Stanton and L Bairstow, and P WelikhofE observed that with un notched 
bars, the results of the tensile impact tests are virtually the same as those obtained 
with static tensile tests 


Observations were also made by T Asano L Aitchison N \kimotf, i H Andrew and 
R Hay, T Andrews, J 0 Arnold, L Auspach, H Bantke, P Baidcnhouu R Baumann, 

M Belanger, G Bemdt B Blount and co workers, H T Bovey, F Bicthbuhl, 

P Breud* R C Carpenter and H Diedenchs, G Oharpy, G Charpy and A Cornu 

Thenard, H le Chatelier, E G Coker, A L Colby, A Cornu Ihenaid, N JDavidenkoff, 

N Davidenkofi and K Yureff, P Dejean, M Delbiuck, M Denis, M Dcnlion, (1 Dilbei 
andH T Hannover, E H Dix,W A Doble,J G Docherty, P H Dudley, F W Duesrng, 

B W Dunn, J Durand, C A Edwaidsand F W Willis, H C Ehionsbugor, H A Elliott, 

A Elmendorf, F Eloy, L E Endsley, H Enshaw, P Fain, H J Jboieday, Jb Fcttweis, 

P Fillunger, P Fischer, F B Foley and co workeis, C do Jbrurunvillo, C Fremont, 
vS R Fuller and W A Johnston, A Gaganno, A Cessnei, W A Gibson, W Giesen, 

P Gtoerens, E P Gooch, W F M Goss, H J Gough and A J r Murphy, R JB Gi eaves, 
? H Greaves and H Moore L Grenet, M Guillery, L GuiUet, L Guillot and co workers, 

L GurHet and L Rdvxllon, R A Hadheld, R A Hadfield and 8 A Mam, J H Hall, 

H 1 Hannover, F Harboard, W H Hatfield, W K Halt, W K Hatt and 3$ Marburg, 

W K Hatt and W P Turner, P Heymans, E Heyn, E HOeg, W Homger,' A Horzen 
berger^H^ M Howe, S L Hoyt, H Hubert, J- C W Humfrey, D H Ingall, E G Izod, 
F H Jackson L J-anmn, J B Johnson, R M Jones and R G leaves, W R D Jones, 
H Jungbluth, C Jungst, H Kamura,T Kawai, W J Keep, A B Kmzel and W Crafts, 
~ tF Kmowlton, F Korber and co workeis, F KCrber and J B Simonsen, H Kieuger, 

E Kuhhnann E F Lake, F C Langenberg, G Lanza, F Laszlo, E Leber, A Ledebur, 

o t? grand, F Leitzmann, A Leon and P Ludwik, J M Lessells, P Longmuir, I* Ludwik 
F LudwrkandR Scheu, A Lundgren, T D Lynch, D J Me Adam, C Me Garvey, J S Mac 
? Stoughton ? * MacLachlan, A McWilliam and E J Barnes, W T Magru 
5 ^ ® Margerum, A Martens, A Martens and E Heyn, A Martens 

Hl ^ < ; hsen> S . ^ artm ’ T Matsushita and K Nagasawa, H 8 Mattimore, 
tt MemmlerjM Memman, J T Milton, M A Mimey,0 Miyagi R W Moffatt, H F Moore, 
M I? d x?° T°™ ke ^V? ? Moore, G Moreau, J F Mormon and A E Cameron, 

M Moser, J H Nead F W J A Newlm and P R C Wilson, E Kusbaumei, W Oertel 
A X Okubo, J Okubo and M Hara, A Oliy and P Bonot, T Y Olsen, 

Mid h’m f,x2 U ^ ^ld + ge, ? J^hska and M Schmidt, J G Pearco, A P6xot, \ P&ot 

metnke A ^ S P Phll P ot > 3 A Plkhor > 11 1>lank H Pom 

H S^ R^A^l^i P a I Preuss ’ ** Prevez, H b Primrose and J b Olcm, (J W Quick, 
and E BichanJaonandC N Eon os t, N Richardson 

CV RomJ w 2 H ,, R ^ a e - P Robl «. R Botscher and M link, B Rogers, 
and J K^^h R ff e ^ lam ’ M i? ude i°Sf 8 J RufiseU ’ G Sachs, H R Sankoy,H R Sankey 
E Sdineiirw «i U !T al « “S! 11 ^eland, M Sohaper, A Schnud, M Schmidt, 
LTmJb Schneider, P Schhnmaker, P Sohule and E Brummer, h Schulz 
FSadlEW.^ 80 ?’ W Sehwmnmg, A E Seaton and A Judo, H Seehase, 
T P w E tq T ’ W A Slater and G A Srmth, CAM Smith, h B Smith, 
T E S Ste^ton«S i T r8 R ldP + A ^ Hackatroh.R V Southwell, H J Stagg,l E Stanton, 
O Thallner J l ,m. P Stanton and R 0 Batson, R Stribeck, J5 Takao, 

P N Thomas, F c Thompson, R H Thurston, H I> Tiemami, 

OoW.lISt'p CUnwm, J E P WagstafE, R Q Waltenberg, C L 
West,H L ^^t’JdA B^Wibon L BacW ’ P Wohkhoff, 0 Welter, T D 

! 0U J the m P act energy diagram of armco iron, mild steel, 
, aveel The results are summarized m Figs 222 

test-piece is j™™ test ’ tte im P act energy required just to break the 

speounem and j^ e impact eaer 87 18 expended partly on heating the 

speeanen, and is not stored up as potential energy, so that when the stress is 
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reversed, the test-piece does not return to its previous length, and the elastic limit 
is reduced — vide supra for the eflect of slow and rapid loading m the tensile strength 
test T Kawai found that the stress-strain relation with the impact test is not 
affected by the mode of applymg the stress, that is, whether the stress is steadily 



Fig 222 — The Total Strain of Impact 3: ig 223 — The Net Absoibed 

Energy of Impact 


increased, or whether it is applied and released several times in the stage of loadi ng 
The greater part of the impact energy is expended in producmg an elastic and plastic 
strain m the test piece The former is at once returned to the pendulum hammer as 
rebound energy, and the latter is absorbed by the test piece T Kawai found that 
the apparent absorbed energy varies linearly 


with the number of impacts, and a similar re- 
lation obtams between the apparent absorbed 
energy and the elastic strain energy of the 
test-piece The relation between the bending 
and the net absorbed energy in the impact test 
is illustrated by Fig 223 for notched bars 
10x10x54 cu mm The results for the stress 
strain energy of impact are summarized m 
Fig 224 The energy absorbed m the impact 
test was discussed by G Charpy and A Cornu- 
Thenard, A Cornu-Thinard, K Honda, F Kor- 
ber and R Sachs, M Moser, and R Yamada 
R W Boyle discussed the compression waves 
produced m the metal by impact 

The fundamental principles underlying the 
test 'Were discussed by R Plant, and he showed 
that rupture m the tensile test is totally different 
from rupture by the impact tensile test , in the 



static test there is a gradual increase m the p 1(x 224 The Stress Strain 

applied stress, whereas with the dynamic test Energy of Impact 

the stress suddenly increases to a maximum 

and then decreases The stress strain impact test was also examined by M Moser, 
T Inokuty, S B Russell, H A Dickie, T Ishigaki, R Mailander and F P Fischei, 
W Kuntze, F Fettweis, K Honda, R H Greaves, R H Greaves and J A Jones, 
A McCance, J Cournot, H Sasagawa and R de Oleveira, R W Moffatt, A Gessner, 
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L Jaimin, E Brechbuhl, J H Hall, E Preuss, 0 Bauer, E Heyn and 
0 Bauer, H M Howe, L Klein, A Mimey, H Bom&tem, F N Menefee and 
A E White, W J Keep, A E Outerbndge, A M Portevm, F J Cool, 
J B Kommers, J ft Pearce, H A Schwarts, H J Tapsell and W J ClenshaV 
A N Talbot and F E Riehart, F Korber and H A von Storp, W Schwinning 
‘md K Mathaes, S Watanabe, Y N Morozoff, and R Yamada 6 Delbar+ 
studied the impact toughness of cold- worked steel 

T Sutoki observed that with 0 3 and 0 5 per cent carbon steels, the highest 
temp at which the test-pieces were abruptly broken by the impact test were 600° 
and 650°, respectively A test piece of a brittle material breaks abruptly at a 
maximum stress, but m the case of a tough material, the breaking occurs m several 
steps The bending of the test-piece mcreases almost linearly with a n&e of temp , 
but from 200° to 300° it begins to decrease, falling, at about 550°, almost to the value 
at ordinary temp Above 550° it rapidly increases K Honda, T Inokuty, and 
T Sutoki discussed the theory that the thermal brittleness is the combined effect 
of work hardening and of the softening due to temp R W Moffatt found that 


grey iron castings have a low impact resistance at room temp , and this becomes 
less and less as the temp is reduced below the f p The impact lcsistance of straight 
carbon steel castings decreases- as the temp falls below f p , so that at —35° the 
resistance is only one fourth of its value at room temp The heat treatment of these 
castings increases the resistance so that the value at —40° compares favourably 
with that at room temp Low carbon castings have a higher impact resistance 
than high-carbon castings For the effect of hydrogen, see that element 

6 Charpy examined the impact toughness of iron by the notched-bar impact or 
shock test, between 80° and 600° The work, in kilogrammetres per sq cm , done 
by a hammer of weight W, falling a height H with a rebound h, when a denotes the 
effective sectional area of the fracture, is W 1(3— h) ja G Charpy found a maximum 
in the vicinity of 200° and a minimum m the neighbourhood of 500°, and at higher 
temp the toughness rapidly mcreased A le Chatelier, and E Ehrensberger also 
measured the toughness of iron m terms of the notched bar impact test at ordinary 
temp L Guillet and L Revillon’s observations agree with those of G Charpy 
The subject was also mvestigated by P Breuil, W H Hatfield, R A Hadfield, 
P Fillunger, R Stnbeck, T Sutoki, F Robin, and G Goldberg, 

E W Kaiser observed that the effect of cooling is very marked with the notched 
bar impact test of wrought iron, and much more so m the case of steel Mild steel 
lost 85 5 per cent of its notched toughness when cooled from 15° to —20° , whilst 
under the same conditions wrought iron lost only 42 3 per cent L Aitchison 
found that most plain carbon steels give a marked drop m the notched bar test at 
a low temp —and generally between normal air temp and —40° , between —40° 
and —80° the drop is small, and in some cases there is a small rise in value 

P Goerens and G Hartel found that, with a steel containing about 0 85 per cent 
of carbon, between 75° and 1000°, the curves foi the work on impact, or the 

resilience, m kilogrammetres per sq cm of 
§ r~T | — — — j — t^-t — — effective section, are regular and show maxima 

i about 35° and 600°, with a minimum at 

S ^00° -A-bove 600° the work required for 

6 ^ ^acture falls off very rapidly, likewise also 

a below 35°, so that at —75° the steel is very 

-m°o 200* 400 v m ° 8oc* /ooo* brittle No discontinuities have been ob 
Rg 225 -The Effect of Temperatmc S< T? at the cntical temp R H Greaves 
on tho Impact Work Ileqmicd foi 111(1 J A Jones found a maximum at 100 
Jfracture to 150° in the notched bar tests , the exact 

. i , A n , position depends on the form of the test pieces 
n £ with steels containing 0 08 C, 024 Si, 

J 50 *' » ad 0 W Si, 015 C, 0 28 Si, 0 49 Mn, 0 034 P, and 00dS, 
(►250 > 0-12Si,089Mn,0 048P,and0 038S, and 0 04 C, 0 23 St, 0 51 Mn,0 036P, 
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and 0 015 S, are summanzed m Fig 225, and they illustrate the effect of carbon as 
well A Pomp used a soft iron with 0 07 per cent carbon , he found that when 
heated to various temp above 1000°, and slowly cooled, the toughness decreases, 
and this the more rapidly the higher is the temp , and a minimum brittleness is 
attained R M Brown observed that cold-drawing greatly reduces the resistance 
to impact of mild steel, and a minimum is attained with a 30 per cent reduction of 
area A Ono found that the cold straining of mild steel reduces its resistance to 
impact, but the resistance is restored on annealing A steel containing 0 065 per 
cent of carbon, after annealmg at 920°, withstood 1010 blows , after annealing, 
followed by 8 per cent straining, it withstood 940 blows , after annealing, straining, 
and again annealmg 

Annealing temperature 450° 500° 600° 700° 800° 900° 980° 

Blows resisted 1013 1013 1013 490 553 1104 572 

F AVust and E Leuenberger made some observations on this subject For 
L Aitchison and L W Johnson s observations on the notched-bar test taken 
longitudinally and transversely, to the direction of forging, vide supra The 
impact strength (notched bar) of mild steel castings was found to decrease on 
agemg at 250° for 1 hr after forging to a reduction m area of 7 to 10 per cent , but 
not nearly to the same extent as it does after complete annealmg The values for 
the annealed metal at 20° to —20° were consistently below 2 mhgrms per sq cm , 
whereas those for the aged metal varied from about 6 mkgrms per sq cm at 20° 
to about 2 to 3 mkgrms per sq cm at -20° A B Kmzel and W Crafts studied 
the effect of inclusions on the impact test 

A E Seaton and A Jude found that some nuts of connecting rods broke down 
under conditions which could not be explained by the results of ordinary tensile 
tests, or of the alternating tensile stress tests The repeated impact test was there- 
fore investigated by J O Arnold, W K Hatt and E Marburg, A Perot, M Denis, 
T E Stanton and L Bairstow, J B Johnson, J B Kommers, L Bairstow, and 
J O Roos According to T E Stanton and L Bairstow, the angle of the notch m 
repeated impact tests has no influence on the number of blows which occasion 
fracture, for this depends solely on the relation between the diameter of the bar at 
the bottom of the notch, the diameter of the test piece, and the distance between the 
supports E Nu&baumer compared the results of the simple impact test, and of the 
repeated impact test with Swedish iron, 0 07 to 0 46 per cent carbon steels, nickel 
steels, and nickel-chromium steels subjected to different heat-treatments It was 
found that the resistance always varies m the inverse ratio to the fall, and the rate 
of repetition of the stress — with the one exception of hardened nickel chromium 
steel The influence of the rate of the repetition of the impacts becomes less 
and less as the depth of fall increases, so that, provided the shock be suffi- 
ciently intense, the number of blows required to break the test piece remams 
virtually the same, no matter what the rate of repetition of the test may be 
H Hanemann and R Hmzmann found that the impact values with the notched- 
bar test are altered considerably by variations in the gram-size of the metal , 
and A B Kmzel and W Crafts examined the eflect of inclusions in the steel on 
the results 

A E Seaton and A Jude found that the resistance to fracture with repeated 
impact tests decreases as the proportion of carbon increases from 0 15 to 0 30 per 
cent , and T E Stanton and L Bairstow obtamed a similar result provided the 
impacts are below a certain intensity A McWilliam and E J Barnes obtamed 
the same results as A E Seaton and A Jude Steel with 0 75 to 0 80 per cent 
of carbon offers a good resistance to repeated shock According to J O Arnold, 
J E Stead and A W Richards, C E Stromeyer, and J B Kommers, phosphorus, 
and mtrogen m steel have an unfavourable influence on the repeated shock test , 
accordmg to P Longmuir, occluded hydrogen is deleterious , and, according to 
T E Stanton, J H Smith, and E F Lake, nickel, and titanium do not increase the 
vol xin g 
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resistant c ol stcd to rcp< atcd shot hs E Nusb mint r found that with carton steeh 
ihc resistance varies directly with the pei cental of eirbonaM long as this percentage 
docs not exceed 0 25 to 0 30, hut with over tins imount the resistance has a tendency 
to dimmish, and this tendenc y is increased by h irdenmg In other words, the semi 
hard steels always have a greater resistant e than the mild steels Hard steels 
resist better than mild steels (ex< ept m the hardened state), but not so well as the 
semi hard steels Swedish iron does not apparently display any greater resistance 
than soft steel Generally speaking, the nickel steels have a greater resistance than 
soft carbon steels, but they do not appear to be superior m this respect to semi 
hard steels This is true only m cases where the depth of fall is not excessive, 
when -the shock attains a certain intensity, the influence of the nickel disappears and 
the steel tends to behave like a simple carbon steel, no matter what the percentage 
of mckel may be A second excc ption arises in the c ane of the steels containing from 
0 30 to 2 per cent of nickel, winch in the hanlencd state display extraordinary 
resistances, far higher than those of the* best cai bon steel The steel with 0 30 per 
cent of nickel behaves almost as well or even better than steels containing a higher 
proportion of nickel (with the exception of Hie steel with 25 per cent of nickel, 
and rolled) Finally, the nickel chromium steels display much greater resistance 
than ordinary carbon steels, or even than mckel steels , but, of the mckel chromium 
steels, the dead-soft steel is the most resistant, and the semi hard variety is the steel 
which gives the least satisfactory results It has been said that, generally speaking, 
the resistance vanes m inverse ratio to the depth of fall Nickel steels, and m 
particular those containing both nickel and chromium, aie much more sensitive 
than carbon steels to any variation m the depth of fall This sensitiveness 
leveals itself by a i omideiuble increase m the resistance once the depth of fall 
decreases 

A E Seaton and A Jude found th it haidemng increases the resistance of steel 
to icpeated shocks , but A McWilham and E J Barnes obtained a contrary result, 
and they also found that a sorbitie structure is unfavourable to the resistance of soft 
steels to repeated shock According to R Nusbauiner, hardening followed by 
annealing slightly increases the resistanc o of carbon steels Its influence is, how 
ever, more appreciable with steels containing less thanO 30 per cent of carbon than 
it is with the “ hardening steels 55 Thus, semi hard steels, hardened and annealed, 
are always higher m resistance than hard steels that have undergone similar treat 
ment Owing to the same phenomenon, hardening followed by annealing markedly 
raises the resistance of steels containing a low percentage of nickel (0 30 per cent of 
mckel), but leaves steels with 2 per cent of mckel practically unchanged Lastly, 
it diminishes the resistance of mckel chromium steels, but seems to have more 
influence upon soft nickel-chromium steels than on semi hard steels The latter, 
once hardened and annealed, display rather more resistance than the former when 
similarly treated This is the reverse of what is found m the annealed (normalized) 
state Hardening (not followed by annealmg) considerably raises the resistance of 
Swedish iron, and, particularly, of mild steel — at least when the depth of fall is not 
excessive In the opposite case (and this is a general observation applicable to all 
steels independently of their composition) the influence of the depth of fall becomes 
paramount and obliterates every other influence, e g that of the rate of repetition 
of the stress, of the chemical composition, and of the thermal treatment Quench 
mg either fails to affect or tends to dimmish the resistance of semi hard steel , it 
reduces to zero that of the “ hardening 99 steels The presence of nickel, either 
alone or combined with chromium, exaggerates to an extraordinary degree the 
effect of the quenching The resistance of steel with 0 30 per cent of nickel which 
has been quenched is, as a regular thing, equal to more than twenty five times that of 
the same steel annealed, that is, for low depths of fall That of steel containing 
28 per cent of nickel and quenched is, similarly, equal to nearly ten times that of 
the same steel after annealing , on the other hand, the steel with 25 per cent of 
roekd subjected to the operation of quenching undergoes a sudden diminution in its 
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rcM'jt'mcc (nearly one half) The nickel chromium steels ilso h ive their resist met 
r used to a notable degree, but it is m the soft steels that the phenomenon is most 
marked, and m the semi-hard steels in which it is the least so Lastl), m most 
cases overheating notably diminishes the resist ince of ill steels 

According to T E Stanton, the resistance of steel to repeated impacts agrees 
with its resistance to simple impact when the number of impacts determining 
fracture is small, but not so if the number of shocks is large J 0 Roos obtained 
concordant results with endurance, rotary bending, and repeated impacts, but 
added that, m general, endurance under alternating tests is the reverse of the 
endurance under simple impact L Bairstow, however, believed that there is a 
complete lack of agreement between the results of the repeated shock test and those 
of alternating stresses According to E Nusbaumer, if the cuives of resilience are 
comparable with those of the resistance to repeated shocks, it will appear at first 
sight as if there was no relationship between the two types of test There is, 
however, a relation between the brittleness test and the repeated shock test Every 
time the same steel m the same physical state (possessing the same essential con- 
stituents) undergoes — for any reason — a diminution of resilience, its resistance to 
repeated impact diminishes likewise , and, on the other hand, whenever (under the 
same conditions) the resilience remains sensibly constant the resistance to repeated 
impact does not vary It should be noted as a corollary to the foregoing proposition 
that the differences between the resistances of a normalized steel and a more or less 
overheated steel are greater m proportion as the depth of fall is less Here is found 
once again the influence of the depth of fall which, a,s we know, tends to mask every 
other factor 

Fracture takes place by progressive fissuration There exists at each point of 
fracture a dullness occasioned by the fact that the edges of the crack have become 
roughened or dulled by rubbing against one another, and the crack has enlaiged until 
the moment when, the section having become too small, the test piece h is broken 
suddenly, yielding this time a crystalline fracture Tins crystalline fractur* 
invariably consists of a central band more or less wide and perpendicular to 
the line which joins the points of impact Austenite is the particular con- 
stituent which offers the most resistance to repeated shocks, ferrite offers a 
far lower degree of resistance, and, finally, of all the constituents, martensite is 
the one whose resistance is lowest and, generally speaking, very closely in the 
vicinity of zero 

C Fremont plotted the crushing curves at 15°, 800°, and 1300° for a soft steel 
with the tensile strength of 35 kgrms per sq cm The curves were similar F Robin 
found that at a red-heat the ratio of the resistances is the same for static 
and dynamic crushing The work done during static crushing was found to be 
less than during dynamic crushing A Martens gave for the static and dynamic 
work, in kilogrammetres per sq mm , necessary to reduce the depth to a certain 
percentage of the height at a single blow 

Soft steel Soft sttcl 

, * / * \ 

Reduction depth 95 90 80 70 95 90 80 70 per cent 

Compression (static) 112 32 8 100 7 204 5 11 1 39 0 82 0 168 7 

Crushing (dynamic) 66 3 148 7 401 2 802 8 77 3 170 2 409 3 774 2 

He showed that the proportion of work necessary to produce a certain reduction in 
depth increases with the intensity of the crushing, and to more than the anticipated 
proportionate number C Codron measured the resistance, in kilogrammetres per 
sq mm , of forged metals to compression at different temp , and found 

0 ° 100 200 ° 300 400 500 600 700 800 1000 1200 ° 1400 * 
Cast iron 50 50 49 48 47 44 40 36 28 18 8 0 

Wrought iron 40 49 39 38 37 34 30 25 20 12 8 4 
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Th< values would be different wiih other mode'- of testing With malleable metals 
th< ueld m the piess may be quwliuple, triple, or double that of the hammer 
working at an auTage spetd With elastic metals, like sleds itand li(at,thecoeft 
of the idatrvo yield falls, uul the (ompiession k (pines neatly the sum amount of 
mechanical enugy as dots foigmg The (otfT of the >nld may htre vary from 
0 HoO 7 The work, in kilogramme trts per sq imn , found by F Rohm for two 
Bteels at different temp , by statu and dynamic f ompre ssion, was as follows 
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The curves for the statu stresses up to a ltd heat diverge comphtdy from the 
curves of dynamic stresses Soft metals like It ad, tin (c old), and sttelsat aredheat 
give higher value 8 for the dynamic work fen equal amounts of deformation , andas 
the hardness and elasticity increase, the difference between the static and dynamic 
woik may be come less, or even revt rsed as m the case of the nuke], chromium, and 
tungsten steels, because of the work lost m the drop weight The spee lal austenitic 
steels, mcl often the martensitic steels, display this propei t> V Rohm extended 
this subject to the woik of the drop lummu, and the pi ess m foigmg metals 
F Sauerwald found that at moderate temp the application of [mss did not increase 
the size of gram of powdered iron, not pie viouslv workc d m the < old, but at a higher 
temp an increase in gram si/e was observe d 

0 de Fremmville j 5 investigated the effect of vibrations on t he t < nsile properties 
of steel He said that m metallic rods and bars, c lenient ary vibrations are propa 
gated with but a very slight loss in work, and ai e i c flee t ed ba< k again from the ends 
of these conductors If these vibrations encounter the i effected vibrations, con 
siderable stresses result Excessive stresses leading to breakages may be set up 
by waves, or considerable vibrations bung arrested m then course, at some point 
within the mass 0 Fremont, and 0 Faroux found that, at this point, these 
vibrations occasion cracks, for the prevention of which any mode of strengthening 
the piece is absolutely useless B A Hemy studied the propagation of vibrational 
pressures withm elastic bodies, and concluded that if there is complete synchronism 
between the vibratory movement a solid body may assume the periodic repetition 
of the stress, the vibratory movement becomes exceedingly exaggerated and 
develops elastic stresses wholly disproportionate to the intensity of the isolated 
stresses He also showed that for any simple cylindrical body subjected in the 
direction of its axis to a simple sinusoidal pulsation applied to one extrennty, the 
other being fixed, periodicities exist at which the body will undergo fracture, mde 
pendently of what the amplitude of the pulsation may have been A Boudouard, 
and A Guillct investigated the influence of various factors on the resistance to 
vibrations of cylindrical bars vibrating m diapason, and found that fracture occurred 
with stresses far below the ordinary elastic limit Puddled iron resisted the 
vibrations better than did dead soft steel , and the number of vibrations 
necessary to fracture a bar of steel varies inversely as the percentage of carbon 
Hardening diminishes the resistance of hard steels to vibrations J Besal made 
some observations on the subject, and E Nusbaumer concluded from his observa 
tions that (i) In carbon steels, the resistance, in the annealed state, varies in direct 
proportion to the percentage of carbon , the rise m resistance, corresponding with a 
relatively slight increase of carbon, is considerable Quenching markedly diminishes 
the resistance, but affects hard steels to a much greater extent than soft steels 
Quenching followed by an annealing is the treatment that ensures the maximum 
resistance (u) In nickel steels, the resistance, m the annealed state, vanes m 
direct proportion to the percentage of nickel Quenching reduces the resistance 
Quenching followed by annealing gives the most marked resistance The 2 per 
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cent nickel bteel, quenched and annealed, ib distinctly superior to the best carbon 
steel (in) In nickel chromium steels, the resistance varies inversely with the 
hardness of the steel, except in the quenched state Hard nickel-chromium steels, 
quenched and annealed, display less resistance than semi hard steels, which, m turn, 
again display less resistance than mild steels In contradistinction to what occurs 
with carbon steels or with nickel steels, quenching considerably raises the resistance 
of nickel-chromium steels It seems, moreover, to affect hard steel to a greater 
extent than it does mild steel Quenching, followed by annealing, gives the 
minimum resistance Any treatment that increases the tensile strength of nickel 
chromium steel appears likewise to increase its resistance to vibratory stresses 
(iv) An important fact is that all the steels, no matter what their nature (carbon, 
nickel, or nickel chromium), ended by breaking, notwithstanding that they were 
bemg worked at less than their elastic limit Thus, a steel may break by vibration 
without its effective deflection having attained that calculated from its elastic 
limit 

The question What is the effect of repeated stresses on the tendency of metals to 
fracture ? was raised by W A J Albert 16 m 1829, and later by H James and 
J) Galton In 1837, E Hodgkmson stated that the lepetition of any stress, how- 
e\er small, would permanently deform a metal exposed to the stress , and m 1848, 
J Thomson, however, added that the limits of proportionality might be mitiallv 
very low, and m consequence small permanent sets might result from the first 
application of relatively small stresses, but i secondary icsult would be that the 
limits of proportionality would be greatly widened, so that subsequent applications 
of initial small stresses would produce no further deformation Mysterious failures 
m fracture, and m the testing of wrought iron, etc , for xailway bridges, ippcar 
as if (i) the ultimate strength of the metal deteriorated with time, or else (n) failure 
was due to the mere repetition of the applied stresses In 1849, a Royal Com 
mission was appointed to inquire into this subject , it was found that the first 
hypothesis did not explain tho phenomenon, but it was shown that a metal could 
fracture by the frequent repetition of a stress less than the statical ultimate stress, 
and that the failure was not duo merely to the presence of a vibration, although 
vibration acted as an accelerating agent 

Metals will bieak under the repeated application of a stress very much less than 
what would be required to produce rupture if the stress were applied gradually 
and continuously The strength of a piece of metal when tested m the ordinary 
way is not a sure guide for material which is to be subjected to a series of vibrating 
stresses such as might occur in tho piston of an engine, in steel springs, m the axles 
of a railway carnage, m the supports for railway bridges, etc F Braithwaitc 
attributed the breakage of some girders to a similar phenomenon W Metcalf 
found that hard steels suffer less from vibrations than do soft steels W Fairbairn 
investigated this subject for tho Board of Trade, and he showed that a beam with a 
statical breaking load of 12 tons might withstand 3xl0 6 applications of a load of 
3 tons, but with a greater load, fracture occurred with a correspondingly snullci 
number of reversals Hence, a safe vibratmg load can be applied which can be 
sustained indefinitely A Wohler concluded 

Wiought non and bit ( I will mptuio at a unit stiess not only less than tho ultimate statu 
strength of tho material, but oven kbs than tho elastic limit, if tho stress is repeated a 
sufficient numbu of tunes Within certain limits, the range of stiess lathci than the 
maximum stress determines the number of cycles before rupture Foi a given maximum 
or a minimum unit stiess, an increase of range of stress decreases tho cycles necessary foi 
rupture For a given minimum or maximum unit stress, there appears to be limiting 
range of stress which may be applied indefinitely without producing ruptuu As the 
maximum applied unit stress inaeabcs, this limiting range of stiess docieases 

A Wohler found the safe unit stress for wrought iron under an alternating sti< ss 
might be 8600 lbs per bq m , but under tension, it might vary from 3300 to 
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19,300 lbs per sq in , and that the i inge of stress was constant if the ultimate 
stress fell below 3300 lbs per sq in The alternating stress for untempered 
cast steel might be 12,800 lbs per sq m , and w one direction only, from 11,600 
to 35,000 lbs per sq m For cast spring steel, the stress might vary from 96,000 
to 128,0000 lbs per sq m A Wohler’s work was confirmed by L Spangtnberg, 
and B Baker The subject w is followed up by J Bausclunger, and he concluded 
that 

(i) A tt nsion stress abo\c (ho yield pomi up to tho applied ntrosH cvei i if the bans 
immediately rc tested upon tho iol< aso of tho load and the lapse of time, tho yield point 
macaws cvui above tho picvious maximum applied stiosw This increase is notic table 
t vpu aft a one day, and may continue for ov< n years (it) A tension stress above the yield 
pomt iedu< (s tho clastic limit (determined by dolieato measure muits of deformations) 
often down to zero Upon the "(lease of tho load and tho lapse of time, tho elastic limit 
ina cases j caches the apj dud sti css aft ei seveialdays, uui may rise above this st less after 
sufficient lapse of time (m) \ te nsion hIichh which lies above* tho elastic limit immediately, 
the moro so tho higher the initial stress When tho applied stress approaches tho yield 
point, the clastic limit leaches a maximum and is lowered win n tho yielel point is exceeded 
(iv) \s a i ulo, a sticss above tho weld point loweis the modulus of elasticity Upon tho 
iclease of the stiess and tho lapse of time, the modulus me reuses and after ho\ oral yeais 
is found to bo consideiablv abovo the original value (v) he veie jars, as by c old hammoi 
mg, lowei tho elastic limit which has previously been rawed by o\u sttess and rest Jf 
tho hammering produces tension, tho elastic limit dee leases down to its onginal value 
but otherwise it remains abovo it (vi) Heating followed by subsequent cooling, will 
again l educe the elastic limit and yiold point which have been me leased by o\ oratress and 
lost hoi low carbon steel tho elfect becomes noticeablo at 150 if tho eoolmg is rapid, 
and at 4 r >0 if tho cooling has no effect on tho two limits With wrought iron tho effect is 
pioductd at about 400 r both foi rapid and slow cooling (vn) Rapid cooling lowers tho 
elastic limit and yield point, especially tho former, more effectively than slow cooling 
Rapid cooling usually doorcases the elastic limit to zero, or nearly zero, after heating up to 
r >00 u , and surely by heating up to cherry red heat This is true fox w rough! iron, low carbon 
steel, and Bessemer steel Slow cooling even after heating to a c hen y red heat does not 
produce such * guat decrease (vm) A stress m tension (or < omprossion) boy oriel t ho clastic 
limit reduces considerably tho elastic limit m compression (or tension) tho more , the highei 
the applied stress is abovo the original elastic limit Even relatively small transgressions 
of one elastic limit will produce the opposite elastic limit A period of rest will not 
again increase the elastic limit, as is possible by loading m one direction abeno tho yield 
point (ix) Gradually increasing alternating stress m tension and < omprossion will not 
decrease the opposite elastic limit unless ono of tho original limits is exceeded (x) An 
elastic limit in tension (or compression) which has boen lowered by previous stress above the 
elastic limit m compression (or tension) can again bo increased by applying a gradually 
increasing alternating stress, but it can bo increased only up to a value wlm li is c onsidorably 
below the original elastio limit (xi) Repeated stresses between zero and an upper limit 
which coincides with or is close to tho elastic limit will not cause rupture Tho elastic 
limit however, must not previously have been raised artificially by tension or c old working, 
nor must there be any flaws m the material In tho latter rosjiect homogeneous material 
like low carbon steel is especially sensitive (xn) Repeated stress between zero and an 
upper limit in tension which coincides with or lies slightly abovo tho clastic limit will 
increase the elastic limit, and the more so tho greater is the number of ropotitionn, but not 
above a certain limiting value (xm) If by the previous action (as m xn) the elastic limit 
is increased above tho applied stress, fracture will not take place , but if tho applied stress 
is so high that the elastio limit cannot be augmented to this value, failure must take place 
after a limited number of repetitions (xiv) If a material is to withstand an indefinite 
number of repetitions of alternating stress, then tho applied stress must not exceed tho 
natural elastic limit 

J* Bauschmger understood by the yield point the unit stress at which a metal shows an 
increase of deformation without additional stress , and he explained his use of tho term 
natural elastic limit by supposing a material with an artificially raised elastic limit would 
have its elastic limit reduced to a certain value by applymg alternating stresses below this 
artificial limit, and that this new elastio limit would be the same as that obtained when 
an elastic hunt which has been reduced is gradually increased by applying a slow h me roasmg 
alternating stress 

The effect of surface conditions on the resistance of metals to repeated stresses 
Wus studied by F C Lea and co-worheis, D J McAdam, and R H D Birklic and 
H J Davies 

i Thfc fact that when metals xre fractured by repeated stresses, the frac turc has a 
Pfpfab Ime appearance led to the assumption that the metal gradually develops a 
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crystalline structure under the influence of repeated stresses There has been some 
discussion as to whether vibration and shock, under ordinary working conditions, 
can cause a metal to become crystalline and brittle P Argali, for instance, held 
that this is probably the case , whilst R W Raymond supported the opposite view 
According to P Kreuzpointer, the mode of breaking a metal may produce a crystalline 
fracture even though the metal is uniformly fibrous Iron and those classes of steel 
which are supposed to be capable of crystallizing under shock and vibrations will 
not break until long after the primary or original elastic limit and the yield-point 
have been passed, and the metal has “ flowed ” more or less The natural and 
inevitable consequence of “ flow ” m iron and steel is to break up and reduce the 
size of crystals and fibres , hence, the forces which operate to break and destroy 
a structural member of whatever kind are directly antagonistic to the formation of 
crystals out of fibres, these forces bemg fibie producers, as it were, from the moment 
they become active until the point of rupture is reached This tendency is increased 
as the point of rupture is approached, since flow is most rapid in iron and steel just 
before the metal breaks, as is proved by the reduction or contraction of area at the 
point of rupture, and by the amorphous condition of w detail ” fractures of iron 
rnd steel Consequently, the theory of the crystallization of iron and steel under 
stresses and strains is based upon a misconception of the nature and properties of 
those metals, because the low heat or the heat that can possibly be produced in 
service, as well as stress and strain, with their effects analogous to mechanical work 
produced under hammer and roll, all tend to break up crystals m iron and steel, to 
make them smaller instead of making them larger, or permitting the formation of a 
new structure R A Hadfield stated that all the fractures he had observed were 
more likely to have been the result of defective heat treatment, than to have been 
produced by changes in the molecular structure of the metal The subject was 
discussed by H M Howe, F Rogers, C H Jhsdale, J E Stead, and E B Grub 
R W Raymond does not consider that W Fairbairn believed in crystallization as 
an explanation of the fracture, and there is no proof that a metal which has under- 
gone much vibration has a more crystalline fracture than it originally possessed 
When the bars which ruptured under fatigue showed a coarsely crystalline structure, 
this was not due to crystallization produced by cyclic stresses but rather to over- 
heating, to defective chemical composition, or to faulty treatment m manufacture 
J Bauschmger proved that millions of repetitions of a stress do not alter the 
structure of the metal, nor reduce the ultimate static strength A E Outerbridge 
said that brittle cast iron, after bemg subjected to repeated shocks, may become less 
brittle because a molecular annealing may occur at ordinary temp which releases 
the strains in castings The subject was discussed by A Ledebur, and J 0 Arnold 
H Hadicke found that the repeated hammering — 15,000 blows — of a piece of iron 
an inch square changed the fibrous to a granular structure The blows went beyond 
the limit of elasticity, but if not subjected to this excessive treatment the metal 
does not change m this way 

According to P Oberhoffer and W Oertel, commercial iron shows a maximum 
gram-size after a 10 per cent deformation between 700° and 800°, but with electro- 
lytic iron this is not the case The grams of electrolytic iron, however, do continue 
to grow at this temp W Riede showed that many alloy steels — Si-Mn, Cr, and 
Ni-Cr steels — as well as carbon steels, show a recrystallization of the material when 
subjected to rapidly alternating stresses 

Just as the elastic limit, or, m ductile metals, the yield point , is the important 
criterion m the resistance of static stresses, so with alternating or repeated stresses 
the endurance bmit is the important criterion, and with impact stresses the important 
criterion is the modulus of resilience or the capacity to absorb energy np to the 
elastic limit Repeated stresses may vary from zero or from a positive or negative 
minimum to a positive maximum, so that the range of the stress is the algebraic 
difference between the maximum and the minimum stress The endurance hunt 
is the stress that may be applied to a given material for an indefinitely large number 
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of cycles without producing rupture , or it may be regarded as the number of 
repetitions of a given stress required to cause failure The term fatigue lefers to 
the phenomenon of fracture under repeated stresses — vide supra It is assumed that 
the metal becomes “ weakened ” by the repeated stresses, and then breaks more 
readily 

Excepting the eighth conclusion, the general results of J Bauschmger have 
not been disproved H F Moore and J R Kommers found that hot rolled, 
0 18 per cent carbon steel wire, reduced by cold stretching from 0 50 to 0 44 in , 
had originally an elastic limit of 38,200 lbs per sq m and an ultimate strength 
of 61,500 lbs per sq in , and an endurance limit of ±28,000 lbs per sq m , and 
after the cold stretching the endurance limit was ±41,000 lbs persq m afterhaving 
been heated to 260° Hence the elastic limit m compression which was reduced to 
zero by cold stretching must have been restored to something like 41,000 lbs per 
sq m , and possibly a period of rest would have had a similar effect G Suker said 
that the stresses lead to cracking when they exceed the elastic limit, no matter how 
high the tensile strength of the metal may be , and C B Dudley, that breaking 
occurs when the calculated maximum stress reached half the ordinary elastic limit 
T E Stanton and L Bairstow found that the elastic limit after a certain number of 
alternating tensile and compression tests is lower than the original elastic limit , 
and L Bairstow showed that the iron and steel adapt themselves to these variations 
so as to remain perfectly elastic and to exhibit no trace of fatigue The variations 
of the elastic limit of tensile strength are slighter than those of the elastic limit of 
compressional strength, so that it is the latter which determines the permissible 
variation of stresses Similar conclusions were obtamed by J H Smith with 
alternating tension and compression , and by J E Howard, and L B Turner with 
rotatory bands 

The life or endurance of a metal can be referred to the number of repetitions of a 
stress of a given range of magnitude The stress may be direct, bendmg, or torsional, 

or a combmation of these stresses The results of 



T E Stanton and J R Pannell with a reversed 
bendmg test on mild steel are summarized m 
Fig 226, and the curve is sometimes called the 
8 IN curve The endurance limits of stress on a 
10 million reversals basis are ±12 75 tons per 
sq in , the limiting range of stress on a 10 
million reversals is 25 5 tons per sq m using re 
versed stresses, or the limiting range of stress on a 
10 million reversals basis is 12 75 tons per sq in 
The general type of curve is the same for various 
other modes of applying the test, and with many 
different materials The curves become more and 
more nearly horizontal to the A'-axis as the en 
durance increases The curves have a certain 


formal resemblance to the so called human en 
durance curves, where, owing to muscular fatigue, the speed of, say, a Marathon 
runner becomes less the greater the distance traversed The question has arisen 
whether a material will fail at all stresses if the n umb er of repetitions be 
sufficiently high, or whether there exists a limiting range of stress which would 
never produce failure E M Eden and co-workers were unable to find a limit 
of stress, however slight, for which the necessary number of alternations required 
to produce fracture becomes infinite C E Stromeyer denied the existence of 
any relation between resistance to altematmg stresses, elastic limit , and breaking 
strain 


W discussed by K Aders, C R Austin V Bacon, L Bairstow, 

H ? Basquin, R G Batson and co workers, K Baumann, P Billet and 

a Wtata, R M Brown, G R Brophy, H Buchholtz and % H bchulz, C H Bulleid, 
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R Caz&ud, C 1 L C lmk uiul V E Wintc G Colonnotti, J L Cox, J 3j Cuniuiii^liaiii and. 
J Gilchiibt, J Ozotlualaky and E Henkel 0 H Desch, H Deslantlies, W Deutscl) 
H C Dows (J B Dudley, ft Duiycaand J Ma^ei,E M Eden, E M Eden and co worker^ 
A Esau, W H JBinlcy 0 Loppl, 7 R Fi ©email and co workers H J" Irench. and 
cowoikois, Y Fujn, T S duller, J V Gardnei, J Gelloi, H W Gillett J C Godsell, 
H J Gough and cowoikois, J JJ Gnndley L Grnllet G H Gulliver, R G Guthrie, 

G A Hankms, G A Hankins and G W loid, D Hanson 0 E Haider, V B Harlej, 

K Hundliofci and H Sjovall W Ilerold, B Hopkinson, E Houdremont and R Mailandei, 
S A Houghton J E Howaid, C F lnglis, P L Irwin, D b Jacobus, I Janmn 
T M Jaspti C F Jonkm,C Jb JenkinandG D Lehmann, OHM Jenkins H Kandlei 
and E H bthul/, J J Kanta and L W bprmg, H W Keeble, C H Keulegen, 
R L Tvoynon Y Kulam, W Knackstcdt, F Koiboi and A Pomp, J B Kommeis 
W Kimt/o and co workcis, K Lauto Iv Lauto and G Sicks, 1- C Lea and co woikeis, 
E Lthi, J M Lcssclls, R E Lewton,K Ljungberg 0 C Longndge, h F Lucas, P Ludwik, 
P Ludwik and R Sthou A 1 undgion i) J Me Adam, F h McIntosh and co workers, 
P G McVetty, R Mailandcr J» b Mornls, T Miller, H F Mooro and co workers, 

R R Moore W Mullei and H Leboi, W B Needham, F H Norton, J Oehschlager 

A Ono, R E Pot ti son, b Pohl and co woikers W C Popplewell, E Preuss, V Prever 
and E Balma, H b Pile haul, W Riddlcsworth F Rittershausen and F P Fis ch er 
T L Robinson T Robson F Rogus, W Rohn, J O Roos, W Roscnham, F W Rowe 
N A bchaposhnikott and coworkeis W Schneider W Schwmmng and F Strobel 
J beiglo and b Cictm, 3* Serge son, C bhiba and K Yuasa, W R Shimei A Shimizu, 
J H Smith and cowoikois, 1 A Solbeig and H F Haven, E P and B H Stenger, 
R Stnbeck, 0 E Strornoyoi, H F lapscll and W J Clenshaw, H R Thomas and 
7 G Lowthc r, A Thum and co workois, J R Townsend and C H Gieenall,L B Tucker 
man and C S Aitclnson, V A P r Iuinei, G B Upton and G W Lewis, G Weltei, 
J K Wood, and F G R Woodvmo, ot< 


H J Gough concluded that a dehnitc limiting range of stress exists for an 
indefinitely laigc number of reversals, and it can be determined, for all practical 
requirements, by the endurance test on a basis of 10 million reversals He also 
studied the effect of alternating torsional stresses on a single crystal of a-iron 
A Thum and W J Wish found that by subjecting steel to 5,000,000 reversals of a 
load just be low the fatigue strength and then repeatmg the treatment several times 
after increasing the load by 1 kgrm per sq mm every time, the fatigue limit may be 
increased by as much as 20 per cent If the load is increased after fewer reversals 
the mate i ml acquires a greater strength at the cost of a shorter effective life 
Previous cold work-mc reuses the fatigue strength and the capacity of the metal to 
withstand overload m dynamic tests According to H J Gough and D Hanson, 
armeo iron after being exposed to repeated stresses about 40 millions m number and 
0 4 ton less than the limiting fatigue range, shows, microscopically, dark slip bands 
consisting of fine lmes which appear to be masses of slip bands rather than one 
slip-band widened by attrition It is doubtful if continuous slipping occurs on the 
planes first formed A mobile film was postulated to explam the behaviour of 
overstrained metal, particularly with respect to the gradual recovery of elasticity 
after overstrain, but it does not icadily account for the fact that recovery of elasticity 
can be attained by subjecting overstrained material to reversals of stress at high 
speed Failure under repeated stresses does not appear to differ essentially from 
failure tinder static stresses When a sufficient stress is applied, slip occurs within 
certain ciystals m the material, resultmg m local strain hardening, and when the 
stress is reversed further slip takes place, but not on the ongmal slip band, which 
has been strengthened by the jirevious slip This process is repeated, and if the 
range of stress is not too great the metal may be sufficiently strengthened to with- 
stand an indefinite number of reversals of that range of stress without further slip 
occurring In this way the formation of a very large number of slip-bands within 
the fatigue range may be explained The subject was studied by H F Moore and 
T Ver 

According to W Herold, the structure of pearhtic steel at the point of fracture by 
fatigue under repeated stress shows that the cementite has been forced towards the 
gram boundaries, whilst lamellar pearlite has been crushed and converted into 
granular pearlite, giving the metal a very coarse gramed structure In martensitic 
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steels the hard 77 -phase becomes crushed into small particles which are forced through 
the softer € phase towards the gram boundaries In some austenitic steels after 
fracture by fatigue, cementite may be observed at the gram boundaries, although 
the presence of this constituent is not visible m the original structure , m other 
cases, the fatigued metal has a nodular structure which cannot further be resolved 
In general, steels which have been hardened and tempered lose their capacity for 
dampmg, t e for converting energy into heat by internal friction after being 
subjected to repeated stresses sufficient to produce failure by fatigue G S von 
Heydekampf studied the effect of cold work on the fatigue or endurance limit of steel 
and found that the fatigue limit is raised by cold work, and similarly with the safe 
working range of repeated reversals of stress 

Attempt b liave been made to find a 1 elation between the safe nwigo of iho stray b, and 
tho mean stress of the tytle, by W Guber, H Lippold W Launhautt, O K Basqum, 

1 Schaffei, J Gilchrist J Weyrauch, T Goodman, F JtiogoiK, B P Haigh A Wohler 
J B Johnson, T H Smith, H i Gough, H I Moore and T M Jaspei, T M Jasper, 
H F Moore and i B beely, 0 E btiomejer F 0 Lea, ot< Attempts have also been 
made to find a relation between the enduiance and other phywit al pi opertiey- c q hardness 
tensile btiength, and impact tests— by H 1 though, R R Mooro, V 1) Morn a and co 
workers, W M Corse and G F Comstock R L Templin, 1 JE btanton and R U Batson, 

1 E Stanton and L Bairstow H R Sankey etc 0 Mimey, N Davidenhoff, V Brernl, 
A Portevm, H Seehase, R Stnbeck, and H le Chatohei discussed the transformations 
of impact energy into thermal energy dm mg the impact testing of steel The effect of 
the shape of the specimen, and of sudden changes in the section of the specimen tested- - 
by flaws holes, etc — has been discussed by A Wtihler, J O Boos, B V Haigb, 
W N Thomas, J S Wilson and B P Haigh, E M Eden and co workois V % Inghs, 
K Suyehiro, E G Coker, G I Taylor and A A Griffith, L Bairstow, H W Gillett and 
E L Mach, F C Lea, T E Stanton, H F Mooro and co workers, etc , the elfect of the 
surface finish byE M Eden, G A Hankins and M L Becker, H F Moore and J B Korn 
mers, T Sondencker, W N Thomas, A A Griffith, etc , the effect of internal stresses, 
by H i Moore and co workers, L Aitchison, H W Gillett and E L Mach, S Whyte, etc , 
the effect of surface decarbunzation, by C R Austin, and the effect of corrosion, by 
D J McAdam, B P Haigh, and R R Moore — vtde infra 

The possibility of applying the elastic formulae of W J M Rankme, A J C B do St 
Venant, and C A Coulomb, which has been developed on the assumption that the metals 
are homogeneous and isotropic, turns on the fact that although the motal is really an 
aggregate or a colony of minute crystalline grams, and that the formulae are consequently 
not true for individual grains, or for small groups of grams, yet with large aggregates the 
formulae are statistically true m the same sense that mortality statistics enable the death 
rate of a community to be predicted, but are not applicable to individuals The subject 
has been discussed by J J Guest, W A Scoble, R G Batson, B P Haigh, E L Hancock, 
L B Turner C E Stromeyer, D J McAdam, H F Moore and J B Kommers, 
H F Moore and T M Jasper, and T E Stanton and R G- Batson Tho effect of 
the speed of repetition upon the fatigue range was discussed by O Reynolds and T H Smith, 
J B Kommers, H J Gough, H F Moore and T M Jasper, T E Stanton and J R Pannell, 
G A Hankins, W Mason, B P Haigh, etc 0 Reynolds and J H Smith with alternating 
bends L Bairstow with alternating tension and compression, and J O Arnold with 
repeated impacts observed that the resistance of the metal varies mvcisely as the rapidity 
of the reversal of the stresses, but B Hopkmson with periodic tensile tests, and T 0 Boos 
with rotary bending tests came to the opposite conclusion , while T E Blanton and 
E M Eden and co workers concluded from alternating bending tests that there is no relation 
between the endurance and rates not exceeding 2,000 alternations per minute T E Stan 
ton and L Bairstow, T E Stanton, J B Kommers, and E M Eden and co workers, showed 
that m the alternating bending tests, deep grooves and even tool marks on the test 
pieces spoil the results, and C de Fr&mnville, and C Fremont attribute this to the 
fact that deep grooves and. tool marks stop vibrations — vide supra, the action of vibrations 
JL Aitchison and L W Johnson discussed longitudinal and transverse tests — mde supra 
The effect o£ understressing was examined by J H Smith, H F Moore and X M Jasper, 
is u Coker, etc and the effect of overstressmg, by J H Smith, H F Moore and 

RA TvnrlrATsa oto * 7 


Railway engmeeis Invc noticed that with lxles and rails, hard metals resist 
altOTiatmg bending stresses far better than soft metals, and this is m agreement 
with the observations of T E Stanton and L Bairstow, and J E Howard Tho 
last named reported that steels with 0 75 to 0 80 per cent of carbon resist very well 
notary ending stresses, while with higher or lower percentages of carbon the 
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resistance is not so good — vide infra, repeated impact tests Impurities like slag, 
manganese sulphide, etc , were found by M Longndge, M Ziegler, and 0 B Dudley 
to act injuriously on alternating bending or rotary stresses, and repeated impacts 
In the solidification of these impurities, owing to their contraction, they leave 
minute fissures and flaws within the steel, and these enlarge under the influence of 
repeated stresses According to C E Stromeyer, J 0 Arnold, J E Stead, and 
J B Kommers, phosphorus and nitrogen favour resistance to alternating bending 
stresses, but not to repeated shocks , according to T E Stanton, J H Smith, and 
E F Lake, nickel and titanium favour resistance to alternatmg bending stresses, but 
not to repeated shock 4 - , and, according to P Longmuir, occluded hydrogen makes 
the steel more susceptible to fracture by repeated shocks E Biard said that the 
relative breakage of railway axles owing to the development of cracks, is as follows 
Open hearth steel, 1 , Bessemer steel, 0 625 , crucible steel, 0 333 , puddled steel, 

0 256 , crystalline iron, 0 213 , and fibrous iron, 0 092 A Boudou ird also found 
that puddled iron resists \ibrations better than soft steel 

F Rogers, T E Stanton, JB Blount and co workers, and E M Eden ind 
to workers found that the hardening of steel raises its resistance to alternatmg 
bending stresses, and annealing has the converse effect , J 0 Gardner obtained 
similar results with rotary bending stresses , J H Smith, with alternatmg 
tensile and compressive stresses , and A E Seaton and A Jude, with repeated 
shocks A Me William and E 3 Barnes said that hardening diminishes the resist 
ince of steel to repeated shocks , and A Boudouard, to vibrations F Rogers, and 
A W Richards and J E Stead found that overheated steel has a poor resistance to 
ilternatmg bendmg stresses, but the metal can be restored by a suitable heat- 
treatment A Boudouard, and A W Richards and J E Stead found that a sorbitic 
structure, obtained by hardening and annealing, favours the resistance of steel to 
vibrations and alternatmg bendmg stresses , but, according to A McWilliam and 
Ik J Barnes, not so with repeated impact tests on soft steels E M Eden and 
co-workers found that no heat treatment improves resistance to alternatmg 
bendmg stresses, tension or compression by raismg the permissible load , the sole 
advantage of heat-treatment is to increase the number of alternations before fracture 
under a given load L Bairstow found that a fatigued steel — % e a steel whose 
elastic limit has been displaced by repeated stresses — regains its ordinary limit 
after testing for several months, or on treatment with boiling water — vide infra , 
recovery According to E P and B H Stenger, there is one certain quenching 
temp for steel to yield a maximum fatigue strength, and with high-carbon steel 
this corresponds with the A m point 

L Aitchison and L W Johnson found that the fatigue strength is higher with 
specimens cut parallel to the direction of forging than it is with specimens cut 
at right angles to that direction H F Moore observed that the failure by fatigue 
of the metals he examined was due to the growth of minute flaws and cracks , and it 
is generally agreed that fracture takes place gradually by the development of a 
flaw, which, to begin with, may be microscopic For K Yuasa’s observations, 
vide <$uyra, tensile tests According to J A Ewing and J C W Humfrey, 
A E Seaton and A Jude, W Schwinmng and E Strobel, and T E Stanton and 
L Bairstow, the development takes place either by slip bands or twmmngs 
A E Seaton and A Jude,F Rogers, T E Stanton and L Bairstow, and W Giesen 
consider that the flaw develops by preference within the ferrite 

The observations of J A Ewing and co workers on the development of sup 
bands and cracks when a metal is subjected to alternating stresses, have been 
previously discussed T E Stanton and L Bairstow obtained confirmatory 
results One of the characteristic features of fractures due to stress reversals is the 
fact that they occur abruptly without the loc il drawing out and necking associated 
with oidmary tensile tests with ductile materials This phenomenon fits very well 
into the slip band hypothesis In agreement with some observations of H 1 Moore 
and 3 B Kommers, H J Gough and D Hanson found th it with armco iron the 
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endurance taut may be greater than the static yield-point Analogous cases where 
the endurance limits are higher than the proportional clastic limits have been 
reported by H F Moore and T M Jasper, R R Moore, D J McAdain, and 
J M Lessells H J Gough and D Hanson observed that with static stresses, 
below the limit of proportionality, there is no indication of strain, but for 
stresses above the proportional limit, definite markings developed like t c dip 
bands produced by elastic strain , with alternating stresses, just below the limit of 
proportionality, after 11,750,000 cycles, surface markings developed on only i few 
crystals, the other crystals showed no evidence of stress, and with stresses a little 
above the proportional elastic limit, the markings were the same as before but more 
crystals were aSected With stresses greater than the static yield point, but less 
than the endurance limit, dark areas appeared on some of the crystals These 
areas contained numerous slip bands, proving that the slip bunas develop at 
stresses below the endurance limit, and that the production of these bands is not a 
criterion of ultimate failure by fatigue D J McAdam, and A M Buinic btudied 
the corrosion fatigue of non — mde mfra, corrosion m „ 

L Bairstow found that a specimen of axle steel with a yield point of 55,700 lbs 
per sq in and an ultimate strength of 85,500 lbs per sq m , when subjected to 



Fig- 227 — Elastic Hysteresis 
under Repeated Stresses 



equal and opposite stresses of 31,600 lbs per sq m , gave a straight line as the cycle 
of extensions, but as the number of cycles increased to 18,750, the width of the 
hysteresis loop was about 11 per cent of the original elastic extension As the 
stress on the specimen was increased to 33,600 lbs per sq m , the width of the loop 
increased, so that with a stress of 45,200 lbs pei sq m , and 29,280 cycles, the loop 
became very wide At lower stresses the width of the loop tended to a constant 
value as the number of cycles increased, and at higher stresses the width of the loop 
decreased with an increase of cycles When the stresses were not completely 
reversed, a “ permanent extension ” was developed, due to the repeated stresses 
and he called it the cychcal permanent bet Observations on the hysteresis loops 
were made by J A Ewing, B Hopkmson and G T Williams, F E Rowett, 
J J Guest and F 0 Lea, J Araott, H F Moore and J B Kommers, H J Gough 
and D Hanson, J H Smith, J H Smith and G A Wedgwood, etc 

L Bairstow studied the development of the cyclical permanent set with reversals 
(Fig 228) At each stress range the cvchcal permanent set appears to be approach 
mg a constant value, which was in some cases temporarily preceded by a higher 
value The constant values attained with the two specimens shown increased with 
the intensity of the applied range L Bairstow plotted these constant values of the 
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cyclical permanent set agams! tin applied stresses, and obtained an approximate 
straight line intersecting the stress axis at a positive value He concluded that a 
range of stress was indicated under which the material would possess or attain \ 
state of perfect elasticity undei indefinite iepetitions of the stress range This 
means that the fatigue range is an elastic range In the case of reversed stresses no 
permanent extension occurred during the test 

The phenomenon of creep (Fig 228) was studied by R W Bailey, L Bairstow, 
R 6 Batson, E G Batson and H J Tapsell, H J Tapsell and co workers, 
H T Gough and D Hanson, W Herold, W Kerr, F Korher and A Pomp, 

F C Lea, W Mason, K Memmler and K Laute, L S Moisseiff, E Pohl 
and co workers, A Pomp and co-workers, A Pomp and W Enders, W Bohn, 
W Kosenham, L W Spring, H Stager, etc - vide supra, plastic flow % H F Moore 
and I B Kommers stated that when a metal is stressed above a certam value, 
plastic yielding and creep occur with certain unfavourably placed crystals 
This, they said, causes a local redistribution of internal stresses, which may 
cause an increase or decrease of stress m the immediate vicinity A local increase 
of stress acting on a suitably placid cleavage plane may eause further slip, which 
induces i further redistribution of the stresses With some ductile metals, 
creep may produce i sudden yielding it a particular load, ancl m others it mav 
continue until it rcae he s a maximum Tins creep increases as the stress increases, 
until finally i stress is i< ac he d at winch the creep continues indefinitely and the metal 
fails If tlie < rcep under a certam stress has ceased, the portions of the metal which 
have not suite n <1 plastic deformation will be under a higher stress than those which 
have slipped When the stress is reduced, slip may occur m those parts previously 
free from slip Wlu n the st ress reaches /exo the redistribution of stress continues in 
the form of the so c died elastic after effect Hence, creep and elastic after effect 
axe two aspects of the same process, the one positive creep and the other negative 
H F Moon and J B Kommers continued 

I ho wt 11 known fac t that metal which is stiossod below its endurance limit is strength 
enod is m itself Buffu n nt to show that ov( n at those lower stresses there must be an action 
m the material which is not elastic It is difficult to conceive how elastic action could 
strengthen the material, but it is easily understood how inelastic action could do this 
Tho evident o of slip bands and hysteresis loops at stresses loss than the endurance limit of 
the material is further evident o that a material has tho power of adjusting itself to cycles 
of stre ss if these < yc It h of stress are wit hm c ortam limits That a process of strain hardening 
is going on under xep< aiod stresses below tho endurance limit is evidently quite as possible 
as it is undt r the at turn of static stresses above the yield point 

The creep at an elevated temp was studied by F C Lea and co-workers, who 
found that, at a given temperature, there ib a limiting creep stress above which the 
material is viscous , at ordinary temp , and with stress above the static yield point, 
specimens may show a fairly steady creep for hours, but the creep eventually ceases 
if the stress is below the ultimate strength This shows that at a given temp 
there is a stress below which creep ceases, and above which it is continuous 
H F Moore and J B Kommers added that “ the limiting range of stress appears 
to be that range below which molecular slips can take place m the material, but after 
which new bonds may be established This new bonding is materially helped by 
raising tho temp , and also by permitting slip to take place m very small increments 
during the application of cycles of stress If the applied stress exceeds a certain 
value the relative movement of the molecules is too great to permit re-bondmg, 
and molecular separation occurs, which results m the formation of a fatigue crack 
and final failuie 99 

L Bairstow compared the yield m static and fatigue tests In Fig 229 the 
curve FABC represents the ordinary load elongation static test for axle steel , 
while tho curve FEJHBC represents the total elongation produced by repeated 
stresses, when the upper limit of the safe range coincides with the ordinates of this 
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curve Thus the repeated application of x s«if< r mgo of str< ss with i >\\ p< nor limit, 
OG t produces % total permanent set equil to GH , FE t< presents h df the s«rfe rang/ 

of stress md it ptoduces no permanent 
elongation Between this stress and the 
static yield point, the peimancnt set is 
greater with a repeated stress than with 
a static stress The two curves axe the 
same at the static >ield stress, and remain 
so for higher stresses, so that the curve 
FEJHBC is continuous Hence, for 
stresses below the yield point, iron and 
steel can maintain an unstable condition 
for a consideiuble turn under cyclic 
stress The lust ipphcation may not 
show a measurable extension, but the ex 
tension may be guatly augmented under 
a constant cycle of repeated stress The 
region EABJE can be explored by re 
peated stresses, but not by a single appli 
cation of stress as in a static test Acc ord 
mg to H V Moore and J B Kommers, 
this indicates that the elastic limits and yield points of static tests e mnot be 
correlated with endurance limits 0 L Clark and A Jffi White studied the effect 
of temp , and found that if y denotes the stress m lbs per sej m , and x the 
duration of the stress m hours, y -<n h , where a nncl h are constants for a paiticular 
met al The} found for steels 
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While the ter m fatigue is an effect which will finally lead to fi ictuie, the term 
recovery is applied to the opposite effect J A Ewmg found that overstrained 
iron or steel gradually approaches its original unstrained Htate with time, and 
J Muir added that the recovery may occupy 17 days, but the lecovery may be 
accderated by raismg the temp to 100° The observations of J If Smith, and of 
H F Moore and T M Jasper, show that for any degree of overstressmg there is 
a nmitmg number of reversals below which the fatigue range is not affected, and that 
this limiting number decreases as the magnitude of overstraining increases 
Overstressmg has a greater effect on hard than it has on soft steels Where the 
effects of overstressmg are negligible, it is assumed that recovery lias taken place 
M J Gou^h defines recovery as that process by which a metal attains, or tends to 
attain, a state of elasticity from a non elastic state (i) Recovery bu the application 
repeated stresses Some metals, under safe ranges of stress, have a large primary 
40 ?+ and iinder the application of repeated stresses the loop diminishes 
m width so that a state of elasticity is attained and maintained indefinitely Hence, 
repetitions of a safe range of stress constitute an effective agent of recovery In 
Phenomenon occurs with unsafe ranges of alternating stresses 
SiT' ^T + T i ere 18 not *“g to ^at a state of elastic hysteresis is 
A ^s^eeedmg the limiting range, J H Smith 

Srt » ESKSa Dalby andH J Gough showed that rest has a marked 
diminishing the area of the hysteresis loop Recovery by rest occurs 
the s^men is under stress or free from stress (m) Recovery by mU heat- 

* H Greaves have shown that a mild heat treatment-^ 
wtewpr ^-accelerates the recovery produced by resting (iv) Recovery by 
vmadrng If an annealed specimen with a definite primitive limit of proportion 
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ality and yield point bo subjected to repetitions of a range of stress, the pnmitjve 
limits are rapidly readjusted, and if, after a few repetitions, the specimen be 
nnneakd, the primitive properties of the material reappear E G Coker, and 
E J, McCaustland discussed the effect of low temp on the recovery of steel from 
overstrain 

Several hypotheses have been suggested to explain fatigue The crystallization 
hypothesis has been discussed J Goodman assumed that a range of alternating 
stress should be regarded as a live load superposed on a statical load, so that the 
live load has the destructive effect of a suddenly applied load This does not agree 
with the general form of the 5/N-curve J Bauschmger’s range of natural elastic 
r m ? S T?^ not * n y mechanism by which the elasticity was attained 

* \ ^ W Humfrey applied their theory of deformation by slip, or 

slip bands G 1 Bei by, and W Rosenham developed the theory of the produc- 
tion of an amorphous phase by deformation through mechanical strain B P Hni<di 
assumed that the change from the crystalline to the amorphous phase precedes the 
gliding action, so that the glide is a result of the change of phase and not the cause, as 
assumed by G T Beilby The actual slip is a protective agency against fatigue 
and not a contributory cause Once a cyclic state has been established, the inelastic 
work done per cycle is a function of the range of applied stress, whether that 
range is safe or unsafe Hypotheses on the subject have been developed bv 
£ A Griffith, S L (Smith and r V Howard, 0 F Jenkin, and W E Millington and 
F 0 Thompson FT J Gough thus summarizes B P Haigh’s theory of the 
hysteresis 


Jn a motalJicJrst piece > subjo< t< d to repeated strokes, certain molecules are m unstable 
positions, some bomg ready to be projected from the ciystallme lattice into the vitreous 
state binder repeated strossos, a dual process of ciystallization and docrystallization is 
in action This is equally true whether the range is safe or unsafe also, as the change ot 
state is associated with gliding motion resisted by faction iho process will not bo thermo 
dynamically lcversible, and work will bo done on tho specimen bv the external forces 
producing a hysteresis loop H I > Haigh has likened this dual action, with the ensuing 
heat loss, as equivalent to tho action of a reversed heat engine with a considerable thermal 
leakage ITndor safe ranges of stross, the dual actions of ravage and repair will eithei 
balance each other, resulting m a steady rate of evolution of heat, or tho repair forces may 
slightly piopondorato and the heat evolution will gradually dimmish When the applied 
range is increased, tho dual action occurs at a greater number of zones, and more actively 
at each of tho ongmal zones The mechanism is still the same, molecules being cyclically 
projected from and into the crystalline lattice by an orderly arrangement of replacement 
bo long as this cont mues, the limiting range of stress has not been exceeded At some stage, 
however, the simultaneous movement of such a large number of neighbouring molecules 
lenders impossible the previous orderly replacement, and cavities form which subsequently 
develop into cracks Tho fatigue range has been exceeded, and the process is now 
mechanic ally, as well as thermo dynamically, irreversible Thus, the limiting condition 
is that the dual processes of c rystallization and decrystallization shall no longer balance 
each other, but produce cumulative effe< ts 


HE Trosca 17 showed that homogeneous and isotropic solid substances under 
deformation obey the laws of the flow of liquids, and that, from this point of view, 
solids can be regarded as liquids possessing a greater or less degree of viscosity , 
and F Robin found that the law is applicable to wire drawing and to the rolling 
or forging of carbon steels The crushing of a body depends on its physical condition 
and geometrical form, and it is usual to keep tho shape of the test-piece constant — 
a straight cylinder with circular bases The bases undergo friction from the 
crushing surfaces so that the flow of the metal is different at the extremity bases 
and at the middle The cylinder generally bulges out so that the equatorial or 
medium diamotcr is greater than the diameters at the ends H E Tresca also 
observed that under the influence of shock, delivered at the same rate, the resulting 
deformations are larger, the greater the intensity of the shock , and on similar 
test pieoes the deformations are similar and proportional to the shock The 
specific work performed by shocks of equal intensity, m kalogrammetres per c c , on 
similar shaped solids of similar materials, results m equal amounts of crushing 
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defoimation J V Poncelet showed that the greater the amount of deformation on 
the surface receiving the shock, the less the hg on the bases , the difference m the 
deformation at the two bases increases with the intensity of the shock , and the 
form of the cylinder under compression is symmetrical only m the case of static 
compression The median bulge is greater the more slowly the test; is conducted, 
and the less smooth the bases of support — vide supra , plastic flow 

A Martens, C Codron, and F Robin discussed the work done during the 
deformation, as well as the resistance to crushing as affected by the dimensions of 
the test cylmdexs, the number of blows delivered, and the rate of succession of shocks 
by impact According to F Robin, m the neighbourhood of atm temp , the 
resistance to crushing (Fig 230) of pearlitic carbon steels varies but little If the 
metal be cooled the resistance increases, and there is a sudden rise at about —80°, 
and a high value is attained at —185° The resistance to crushing at —185° is a 
little more than one and a half times its value at 15° , that of steels containing free 
cementite is very high at these low temp 4 rise m the temp from 0° to 300° 
diminishes the resistance of carbon steels to crushing The curve is not uniform 
throughout this interval, but assumes a wavy direction, which more often than not 
is distinguished b> a marked fall m the resistance at about 100 r At about 300° 




o m all the curves of the carbon steels 

T ** ' " ' ~ ~ ““ ittcim a minimum The resist 

anoe to crushing is at this temp 
lower than it is at anv other 
except when a red heat is reached 
Above 300° the curves rise, and 
the resistance to crushing increases 
up to about 500°, where it reaches 
a maximum which occurs pro- 
bably a little below the exact 
temp of 500° Above 500° the 
resistance of the metal decreases 
2 oo° o zoo 0 4 oo* soo° 800 / ooo* j zoom* ra P ld ty U P to 1000°, carbon steels 
Fia 230 —The Resistance of Carbon Steels to bem 8 ran g ed at that temp in the 
Crushing at Different Temperatures same or( Ter as at the ordinary 
•, jrt , temp Above 1000° with highly 

carburized steels, or above 900° with mild and dead soft steels, the diminution of 
the resistance to crashing in terms of the temp takes place very slowly Steels 
containing free cementite are somewhat resistant at about 1300°, and commence 
to split beneath the shock and to lose their cohesion Dead soft steels, on the 

ZST’sTi f ° rg ! able at U80 °’ where tie11 resistance to crashing reaohes 
Sd ! no ^°f«res per c c At higher temp the metal bums or fuses, 
at fl. rJd bS 61 , forgeable Tb ® curvature appears to be very nearly uniform 
at , a nasc f at red heat, only m the case of steels with a high 
snfiPflRHivff h° and dead soft steels appear to present two 

andrtl ™ bends towa I do 500 and 6 °0° The difference between the maximum 
Tks dS^Toi 6 not a T e t0 7 Usb ^ g does not var y g™ a % m its absolute value 
beSarafaototbT™ + de ?f d ° Q f e P“ te ge of carbon, but seems rather to 
dissolved in the iron ° f ° Ieign eiementa present, and, in particular, to elements 

phosphorus greatly mcreases the resistance of steels to crushing 

phomh^ ^l a to^^ W f alnm ? °°^ per ceat of carb0 * 1 P« cent 
The lnfln ence of nhoHnfmJi!^ * ra ? stee containmg 04 per cent of carbon 
cmwTa ^& rfnL^^ , aia P ld de crease m the resistance to 
the percentage of nh^bni-Jf ^ b , eow tbat °* ether steels so long as 
appears to bardpT» +>L i 18 ^ considerable The presence of sulphur 

K nrammated oxlde ) revealed no anomalies in the curve of resist- 
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mu to crushing The pit sene e of silicon oi of mtuguiese m snnll p« runtimes 
in caibon fctecls docs not ipp* u to < uit imu h influence on the sppcdtancc of the 
curves 

Cast lion cannot bo itgudcd as foigeable, and the investigations lelatmg to 
this part of the subject have been but few m number Generally speaking, it was 
not possible to obtain a i eduction of one fifth m the depth of normal cylinders, 
so that the crush numbers had to be ascertained by interpolation from the results 
obtained with lesser degrees of crushing The presence of phosphorus greatly 
increases the resistance of cast iron, and the appearance of the resistance curves 
differs from that of the steels The fall m the resistance to crushing is very nearly 
uniform from 300° up to the temp of fusion Neither a maximum nor a minimum 
can be seen Cast iron generally, and phosphoric pig iron m particular, crack on 
forging before the temp of fusion, and have no cohesion When the fusion pomt 
of the eutectic is reached, the elements separate in a granular form, and crushing 
“ yields nothing but a shower of sparks ” A Pomp gave for the crushing strength 
of steel with 0 5 per cent of carbon, tons for rods 10 mm diameter , and 
with 0 06 per cent carbon steel, 1 2 7 tons 

In general, pearlitic steeh undergo the same variations as carbon steels , varia- 
tions m the resistance to crushing may be greatly reduced or even obliterated bv 
the presence of a sufficient amount of an element m soln , such, for example, as 
chromium Martensitic steels yield a decreasing curve which possesses neither 
ma\imum nor minimum, the greatest fall m resistance commences at 500° 
Austenitic steeh vary little m their resistance to crushing up to about 550° or 600° 
The resistance to crushing increases considerably at liquid air temp Starting 
from 0° the curve is m general practically rectilinear up to about 600°, where the 
most important fall m the resistance occurs Special steels containing the free 
carbide and the high-speed steels behave similarly Their resistance at ordinan 
temp , and particularly at about —190°, is, generally speaking, high Some steels 
preserve a high degree of resistance to crushing at high temp , a resistance much 
greater than that of caibon steels The presence of nickel favours this resistance 
at high temp — vide the special elements 

P Galy-Aohf* showed that for copper and iron the elastic limits under tensile 
stress and compression are the same M Koepke and E Hartig, and R Thurston, 
found that brittle metals showed a constant relation between the resistance to 
fracture under tensile stress, and under compression F Robin added that the 
resistances to fracture by tensile and compressive stresses are not comparable, 
but the elastic limits under tensile stress and compressive static stresses can be 
compared, and for pearlitic carbon steels, they are generally the same , but M Rude 
loff found that for nickel and manganese steels they are quite different J O Arnold 
gave 40 to 60 tons per «q m for the crushing strength of cast iron Observations 
were also reported by A P Carman and M L Carr, H I Coe, M Denis, G H Gul- 
liver, II I Hannover, S H Ingberg and P D Sale, R L Keynon, E Kieft, 
F Korber and II Muller, M Lorenz, P Ludwik and E Schen, W Mason, 
H Monden, S Nadaban, F B Seely and W J Putnam, E Siebel and A Pomp, 
CAM Smith, A H Strang and L R Stnckenberg, W C Unwin, and A Victorm, 
and H A Schwartz me isured the effect with malleable cast iron 

Only m the case of metals like ( opper, silver, and aluminium does a vanation 
of temp cause the physical properties to vary m a continuous manner , with iron, 
the alloy steels, and many other alloys, the variations in the properties display 
sudden changes These metals are known to undergo transformations, and there 
may be some relation between these transformations and the variations m the 
physical properties M Leblant and others have noticed that starting from 100°, 
the elongation may take place intermittently, and it may be accompanied by jerks 
and noises Steels show charactenstic properties at about 15° and 400°, and this 
is m agreement with F Robin’s results except for the hardness developed b> 
mechanical deformation, and the notched-bar brittleness after cold-workmg, which 
vox \ITT h 
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indicate that steel is harder and more buttle after mechanical working at 400° 
than it is at 15° M Leblant also found that the resistance, and the proportional 
limit elongation are a minimum at about 100°, 'while from 200° to 400° there is i 
maximum resistance, and a minimum contraction and elongation This explains 
the greater likelihood of breaking a test piece while deforming it within the latter 
range of temp , than there is in testing it between 20° and 100° The results with 
dynamic tests are different The resistance to crushing under shock is a 
minimum at 300°, and the ductility shown by the median bulge is a maximum 
at this temp , whereas the tendency to fissure, and the crushing brittleness are 
here lower than at neighbouring temp As F Robin shows, it is difficult to draw 
any conclusions as to the constitution of iron from these results Between 0° 
and 100°, the hardness, the elastic limit, the resistance to breaking, and the resist 
ance to crushing deciease, and hence it might appear as if the elongation would be 
augmented, but it diminishes Again, from 100° to 200° the elastic limit is low 
and there is but little elongation, while the resistance to stress, and hardness increase , 
the resistance to crushing is low, and the interstrain hardness due to deformation, 
and the median bulge increase Hence, each physical property exhibits dis 
continuity at very different points, and the part played by the different states of 
iron has not been determined for each case 


According to F Robin, from a visible red heat upwards, it appears that all the 
properties resulting from static or dynamic effects agree, not perhaps numerically, 
but m their mode of variation The rate of speed of the stiesscs applied act, 
therefore, uniformly on steel and on other hard metals, such as lead m the cold, 
m proportion as they lose their elasticity Jt would appear that from this temp 
onwards metals become pasty during their transition to the liquid state , the 
results of various tests collated resemble each other m a geneial way A variation 
m tne allotropic state, such as that of iron, appears, therefore, but little marked 
Towards 700° the curves of steel ha\e a bend which might he referred to the alio 
tropic transformation point, but copper and nickel give similar results at 
neighbouring temp The transformation of a iron mto ft iron may, however, betray 
itself m the curves representing the variation of the mechanical effects in terms of 
the temp without the possibility of definitely affirming that it does bo The hardness 
curves and curves of the resistance to crushing show that the steels give curves which 
become very nearly horizontal at about 800° Unlike the case of metals which 
do not possess transformation points, such as copper, the resistance of the metal 
decreases rapidly and uniformly at a cherry red heat, there is with steel a break m the 
curve M Leblant found a similar break during the tensile testing of steels contain 
mg 0 2 to 0 4 per cent of carbon He even found a slight increase m the resistance 
to breakage for a dead soft steel at about 800° These remarks arc not based 
upon decisive results, but they agree with the recent observation made by W Rosen- 
ham and T C W Humfrey They remarked that, when making tensile tests m 
vacuo on thm, polished, and heated discs of several metals, at about 800°, the temp 
in the neighbourhood of the transformation of y to/3 iron m a soft steel, the appear 
ance oi the deformed metal under tensile stress altered m a characteristic manner , 
the point of least resistance of the metal when heated unequally is found at the 
limit of a iron shown b> the deformation and by a more resistant /o no , although 
a a emp shghtly higher and probably corresponding to the sphere of influence 
oi p iron Ihe diametrical bulge, which diminishes from 900° to 1000° upwards, 
iT 6 co ^ e & cement oi tie disintegration of the metal and the diminution 
oi the cohesion of the grams It does not indicate the return of the metal to its 
anterior condition, for the other properties belie this hypothesis 
tthJno+ih ~f ward ducked the cubic compressibility, the cold flow, and the crushing 
31011 c ^ lmders were 2 5 diameters long , the com 

ETYYTv eX ^ eSS€d m lbs *> er S< 1 111 Tte results are summarized in 
spec T ns be 2 alx t0 M g e laterally under the influence of 
P e stresses when the elastic limit was passed, and thereafter the 
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stress per sq in increased for a time, whilst the shortening m length and increase 
m diameter continued Whilst the gross load was gradually increased to the end 
of the test, x period w is reached where the stresses per sq m on the section tl 
area, as it existed, ceased to increase, and for an interval the flow was continuous, 
with practic illy no increase of stress This period marked the ultimate com 
pressive resistance of the metal No marked difference m tensile strength resulted 
from the cubic compression , neither was the ductility of the metal, as indicated 
by elongation and reduction of area, materially changed by the compression Under 
ordinary free tests by tension or compression, certain stresses — below the elastic 
limit— do not cause any change m the physical properties , hut stresses exceeding 
the elastic limit usually bring about a series of phenomena which culminate in 
rupture or disintegration Under cubic compression, no press were reached 
which gave evidenc( of such a tendency m the ultimate result as that caused when 
the flow of metal <>< curred This means that whilst it is probable that there is a 
restricted molecul ir orbit represented by the elastic limits of tension and com 
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pression, and that these orbits may be disturbed and thrown mto new positions 
by loads exc< edmg the elastic limit, m the case of cubic compression, sufficiently 
high press to disturb them were not employed in the experiments — nor is it certain 
whether sucli a limit can ho attained by the means employed J Bauschmgers 
results arc indicated m Table XXXIV Observations were made by J G Dagron, 
W K Hatt, A Portevm and V le Chateher, and S H Ingberg and P D Sale 
J 0 Arnold holds that compression tests furnish by far the best mechanical 
means of measuring the molecular rigidity of metals, because the interfering effects 
of variations m mtercrystallme cohesion are reduced to a minimum The flow 
curve for normal steels falls off until the iron contains 0 89 per cent of carbon 
when it is practically stationary to 1 5 per cent of carbon, for the dotted lme in 
the curve is taken to represent the true result — the downward flow of the observed 
curve being due to the undefined separation of some graphite and the consequent 
production of a little soft iron The annealing curve up to 0 89 per cent of 
c arbon measures graphically the effect on the flow from diffused to crystallized 
cementite , when more than 0 89 per cent of carbon is present, the curve 
passes downwards, until, at 1 17 per cent of carbon (most of which exists as 
graphite), the flow is actually greater than that of iron alone This is attributed 
to the loosely deposited graphite crystals being themselves capable of some com 
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prcssion The cum for hardened steel shows that mokculaT How (eises with 
0 89 per cent of carbon, whilst the cum is verj steep m pissing from 0 2 to 0 b 
per < ent of carbon 

T W Richards 13 gwe j8 0 0 C 1J foi the toeft of compressibility of a lion at 
20 J with press of 100 to 500 atm , this datum was afterwaids corrected to 
0 0 e 60 E Goens and E Schmid gave 5 8xl0- 13 dyne per sq cm, and 
P W Bridgman, 5 9xl0“ 13 dyne per sq cm , E Gruneisen gave 0 0 e 62 at 
— 190° for press of 10 to 150 atm , 0 0^65 at 18° , 0 0^68 at 128° , and 0 0 6 69 at 
165° , E Madelung and R Puchs, 0 0 6 61 megabar per sq cm , and A Mallock 
gave 0 0 e 64 at 20° L H Adams gave j8-=00 6 60, and for dp/dp, — 0 0 n 4 
R F Mehl and B J Mair calculated from the compressibility of invar steel, with 
iron m they form, that the compressibility of y iron is 0 (> 6 85, a \alue which would 
makey iron to be more compressible than a iron 

Observations on steel were made by H V Regnanlt E Amagat gave 0 0 0 ()8 , 
and P W Bridgman, 00 6 55 at 6500° atm and 20° , and it 10,000 atm press, 

0 0 6 60 at 10°, and 0 0 a 62 at 50° E Madelung and R Fuchs gave for steel 0 0 c f>l 
megabar per sq cm , L H Adams and co-workers gave 0 0 6 575 for a 2 per cent 
carbon Bessemer steel, and a 0 8 per cent carbon tool steel R F Mthl gave for 
the internal press, 587 kilomegabars, and for the maximum disi upturn press, 
1884 kgrms per sq mm R F Mehl and B J Mair observed that a quenched, 
eutectoid steel, with 0 89 per cent carbon, and highly martensitic, had a com 

pressibility of 0 0 C 61, and the same result watf 
obtained after the steel had been annealed A 
quenched, hypereutectoid steel, with 1 36 per 
cent carbon, had a compressibility of 0 0 6 83, and 
after annealing, 0 0 e 85 The normal sp gr of 
the hypereutectoid steel showed that the high 
compressibility is not due to pore spaces in the 
metal Though the compressibilities of iron and 
of eutectoid steel arc the same, the Brinell’s 
hardness are, respectively, 75 and 241 The 
results show that the hardness of steel produced 
by quenching is not caused by any change m the 
normal cohesive forces The fact that a glass-hard steel suffers the same vol 
decrease with an increase of press as does an annealed steel, is explained by 
the slip interference theory of hardness on the assumption that no increase m the 
binding forces between the atoms occurs on hardening, for the hardness is supposed 
to be caused by the mechanical arrangement of the structural units L H Adams 
and E D “Williamson gave for wxought iron, j8xl0 6 - 0 60 to 0 68, and for 
cast non, 0 89 to 1 45 Cast iron, at a press p megabars, suffers the vol 
change, (3iv/v) x 10«=2 04:(jp— 69)— 6 1(#~69)210^-~10, and has fix 10^2 010 
— 0 152(y—2000)10" 4 -f0 006e“ -0 003 ^'" 2 ^ 0 ) The compressibility of cast iron 
between 0 and 12,000 megabars is indicated in Fig 231 P W Bridgman’s expen 
ments on the compressibility of rolled metals show that neither variations m 
gram-size, nor mechanical strain make any appreciable difference to the com 
pressibility, so that an increase in hardness caused by either or both these effects 
can have no marked influence on the compressibility If lattice distortion be a 
cause of hardness in steel, it will be produced by an alteration of the interatomic 
forces, and this should make an appreciable difference m the compressibility 
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§ 19 Thermal Properties ol Iron and Iron-Carbon Alloys. 

The thermal expansion of non has to be taken into consideration in the con 
struction of iron bridges, in fixing buckstays of furnaces, etc Under the influence 
of the sun’s rays, the Eiffel Tower twists from east to west, its point forming an 
arc with a diameter of about 4 inches After sunset, the tower slowly untwists 
The twisting is greater m summer than it is m winter There are many records 
of measurements of the coeff of thermal expansion of iron and steel, made usually 
upon commercial samples, where the composition is not usually stated This, 
of course, makes the results of less general importance A L Lavoisier and 
P S Laplace 1 gave 0 0 4 1 22045 for wrought iron, and 0 0 4 l£3504 for soft iron drawn 
mto wire , and E Troughton, 0 0 4 144010 for iron wire J Smeaton gave 0 0 4 125833 
for spft iron, M G von Paucker, 0 0 4 11612 , H Kopp, 0 0 4 125, H Rudolph, 
<M) 4 1197 , J F Darnell, 0 0 4 11808 , A Gray and co-workers, 0 0 4 124 for soft 
uon , and H Fize&u, 0 0 4 1210 for electromagnet iron at 40°, and 0 0 4 1228 at 50° 
^ ^ Dulong and A T Petit gave 0 0 4 1182 for iron between 0° and 100°, and 
00*1469 between 0° and 300° , P Glatzel, 0 0 4 1387 between 16° and 100° , and 
between —45° and 100°, T Andrews gave 0 0 5 86, between 
I 0 °4 1U > ^ between 100° and 300°, 0 0 4 133 I von Zakrzewsky 
between -103° and 25° , 0 0 4 1110 between -78° and 25° , 0 0 4 1252 
****** 25 and 100 E Gruneisen gave a=0 0 6 907 between -190° and 17° , 
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and OO4II89 between 17° and 100° H G JOorsey gave 0 0§930 between — 180° 
and 20° for purified iron, and 0 0 3 840 for iron with 1 4 per cent of carbon lor 
iron with 0 057 per cent of carbon, 0 13 manganese, and 0 05 silicon, H le (’hate 
her gave 0 0 4 11 between 0° and 100°, OO4I6 between 500° and 600°, 0 0 4 165 
between 600’ and 700°, and 0 0 4 15 between 700° and 800° b Henning ga\e 
for wrought iron with 01 per cent of carbon, 


0 0fi919 between 


and 16° Observations 


were also reported by F C Calvert and co- ^ 2 0 0\ 
workers, R Roberts, R S Woodward and co H. /?$ j 
workers, W Broniewsky, A Borsch, 0 Mark- | /so 
ham, J Seigle, etc K Honda observed 0 000013 fL /zs 
for iron at 100° , 0 0000149 at 300° , 0 0000158 at *0 0\ 

500°, and 0 0000154 at 600°, whilst S Sato ^ 7 
obtained 0 0000212 between 906° and 1400° , J 

and 0 0000125 between 1400° and 1535° 1 , , , , , , , , , , 

S Sato gave 0 000016, but O C Ralston ^ 0 -200°0' 3 400° 800° / 200° / 600* 

0000125 agree, better with the Fm 2 32 -The Coeffloente o£ Ther 
observed data lhe best representative data mal Expansion of Purified Iron 
are plotted m Fig 232 The curve shows clearly 

how the coeff of expansion of y iron exceeds that of a iron , and that it is probable 

that the curve for 8-iron is a contmuation of that for a iron O C Ralston calcu- 

lated from these and the sp gr data, the average changes m vol as purified iron 
is heated from 0° to 1670° 


3? 01 m of iron 
a iron 
a~> y iron 
y iron 
y~> 8 iron 
a lion 

Melting point 
Molten iron 


lemperatuxe range 
0° to 906° 
906° 

906° to 1400° 
1400° 

1400° to 1535° 
1535° 

1535° to 1670° 


Change m volume per unit 
volume or dvjv 
0 000014 per degree 
dvjv ~— 00846 
0 000021 per degree 
dvfv^ +0 002553 
0 0000125 per degree 
dvlv=- f 0 036 
0 000483 per degree 


R Bach was not satisfied that his thermal expansion, and X-radiograms agreed 
with the assumption that the a state of iron is distinguished uniquely from the 
/? state by magnetic differences H Qumney found that the change from single 
crystals to polycrystals reduces the contraction at the Ac 3 -arrest where a-Fe passes 
toy Fe 

A L Lavoisier and P S Laplace gave OO4IO788O for unhardened steel, 
0 0 4 107960 for hardened steel, and 0 0 4 123956 for hardened steel tempered at 65° 
W Roy gave OO41 11000 for unhardened steel , E Troughton,0 O4II899O, J Eliccot, 
0 0*10750, M Vandervyver, OO4IIOI, W Struve, 0 0 4 1 1301 , and J K Horner, 
OO4II5O for Stynan, OO4IU2O for Schaffhausen steel, and 0 0 4 1070 for Hunts- 
man’s steel J Smeaton gave 0 0 4 1 15000 for unhardened steel, and 0 0 4 122500 
for hardened steel , F Berthoud, 0 0 4 10040 for unhardened steel, and 0 0 4 13715 
for hardened steel W Dittenberger gave for aXlO 8 for iron with 0 16 per cent 
of carbon, for wrought iron wpth 0 34 per cent of carbon, steel with 0 55 per cent 
of carbon, and cast iron with 3 22 per cent of carbon 



0 -25Q 

0 -375 

0°-500 

0-625 

0 -7 >0 

Wrought iron 

1286 

1354 

1400 

1461 

1488 

Iron 

1272 

1358 

1405 

1454 

1470 

Steel 

1248 

1317 

1379 

1437 

1329 

Cast iron 

1118 

1198 * 

1258 

1393 

- 


or aXlO°--16770 f4 6402 for wrought iron, 113920+5 420 2 for iron, 
111810+5 260 2 for steel and 97940 {-5 660 2 for cast iron JAN Friend and 
R H Vallance ga\e 0 0 4 123 for the coeff of expansion of armco iron, and for 
wiought iron between 10° and 100° the former metal had 0 025 per cent of carbon, 
and the latter metal 0 06 per cent H Fizeau gave for Huntsman’s steel, 0 O4IOI8 
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20°, 0 0*1038 at 30 J , and 0 0 4 1077 at 50 J , T Andrews gave fox hardened JBeb 
semer steel, 0 0 6 85 between —45° and 100° , 0 0*101 between —18° and 100° 
and 0 0*133 between 100° and 300° , and for annealed Bessemer steel, 0 0 5 93 
between —45° and 100°, 0 0*117 between —18° and 100°, and 0 0*159 between 
]00° md 300° Healsog.ue 

( oofil( h nts of thermal expansion 
- t > to 100° —18° to 100 100 to 300 


Rolled 

bars 


Hammered 

forgings 


Wi ought non 
Bessemei steel 

Siemens Martin steel j 


Cast steel 


(Soft 

(Hard 


Wrought iron 


Bessemei steel 


Siemens Martin steel 


0 0000086 
0 0000003 
0 0000085 
0 000008b 
0 0000070 
0 0000086 
0 0000084 
0 0000006 
0 0000000 
0 000000 * 


0 0000114 
0 0000117 
0 0000101 
0 0000116 
0 0000100 
0 0000112 
0 0000101 
0 0000117 
0 0000107 
0 00001 1 1 


0 0000133 
0 0000159 
0 0000133 
0 0000144 
0 0000139 
0 0000150 
0 0000130 
0 0000131 
0 0000137 
0 0000142 


I E How aid found for the coeft of expansion of weld iron, 0 0000121 1 ioi 
steel with 0 09 to 0 51 pei cent of carbon and 0 11 to 0 58 pei ( ent of manganese 
0 00001194 , for steel with 0 57 to 0 97 pei cent of c xrbon md 0 93 to 0 80 pei 
cent of manganese, 000001133, and for cast iron, 0 00001067 H le Chatehet 
gave for hard steel at 1000°, 0 0 4 140 H Fizeau found for annealed cast steel 
OO4IIOI at 40°, and 0 0 4 1113 at 50° , and when hardened, 0 0J322 at 40°, and 
0 P 4 1363 at 50° , and for grey cast non, 0 0 4 1061 at 40°, and 0 0 4 1075 at 50° , while 
H le Chatelier gave 0 0 4 1175 at 100° , and for steel with 14 per cent of manganese, 
0 0 4 245 at 1000° For cast iron with 3 5 per cent of carbon, F Henning gave 
0 O5886 between —191° and 16°, for steel with 0 1 per cent of cirbon, 0 0 6 915, 
and with 0 5 per cent of carbon, 0 0 5 896 G Charpy and L Grenet gave for 
hardened steel with 1 5 per cent of carbon, 0 0 4 1000 between 0° and 100°, and 
when annealed 0 0 4 1115 W Souder and P Hidnert gave for electrolytic iron 
which had been melted in vacuo, a=0 0 4 12 between 25° and 100° , the average 
for steels was 0 0 4 112 between 25° and 100° , and 0 0 4 142 between 25° and 600° , 
and for ordinary steels above the critical range, 0 0 4 23 R von Dallwitz- Wegner 
gave 0 0 4 351 for the cubic coeff at 0°, and 0 0 4 383 at 100° Observations were 
also reported by 0 Bauer and H Sieglerschmidt, E Bernardon, F C Calvert 
and co-workers, E G Coker, H J French, A W Gray, H C Knerr, C Markham, 
R Roberts, A Schulze, E Straube, R S Woodward xnd co-workers, etc 

G Gore, R Norris, and W F Barrett made observations on the changes which 
occur during the recalescence of cooling iron C Benedicks measured the coeff 


M a 


noo wo isoo* 


for iron of a high degree of purity — 99 967 per 
I00r-r- r 1 1 r~n | cent Fe The coriespondmg curve by S Sato 

is shown in Fig 233 A Mallock found no dis 
continuity m the coeff of thermal expansion 
between 1400° and 1500° As also observed by 
G Chaipy and L Grenet, and T Driesen, there 
is a discontinuity at the A* arrest, and the 
change is reversible, but there is some hvsteresis 

^sot Ho iri oo* /V i y lo t t0 E the + raaxi ™ obvmi 

by J Driesen at 755 , is not connected with the 
^ of Tempera A 2 -arrest but C Benedicks cmve, mcl also 

Iron° n 6 sponsion of Purified f] la t of P Chevcnard showed that it is connected 

wnth the appeal a nco ot the magnetic propei ties 
?r TV .-kservations weie made bj H Esser H S H iwdon ind co workers, 
H E Pubtow and co workers, and H Ebert F (' Powell estimated that the 
mean increase in length, l , of iron on passing fiom the non magnetic to the 
magnetic state is dljl~l 2 x 10~ 4 With nickel there js an anomalous contraction 
m the magnetized state The calculation is based on W Heisenberg's theory of 
erromagnetism which assumes that magnetization is accompanied by a change m 


Fie 233 — The Effect of Tempera 
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the strength of the bond between the atoms W P Davey discussed the expan- 
sion of crystals from the point of view of the space lattice theory as the temp 
passed from the absolute zero to the mp F L Uffelmann observed that the 
curve for the coeff of thermal expansion of steel is a little different if taken on 
heatmg and cooling curves 

A Gray and co workers gave 0 O 4 I 36 for the coeff of thermal expansion of mild 
steel H G Dorsey observed that the effect of carbon on the coeff of thermal 
expansion is approximately linear H le Chatelier found the values of aXlO 7 
for temp between the limits indicated, starting from 0 ° for steel with 0 13 to 0 24 
per cent manganese, and 0 05 to 0 14 per cent of silicon, and 


Carbon 


0 057 

0 205 

0 49 

0 75 

0 80 

0 84 

1 21 per cent 


f 100° 

110 

110 

110 

110 

110 

110 

105 


200° 

120 

110 

110 

110 

110 

110 

110 


300° 

130 

120 

118 

118 

118 

118 

118 

aXlO 7 . 

400° 

140 

125 

101 

101 

101 

101 

125 

500° 

150 

130 

130 

130 

130 

130 

130 


600° 

160 

135 

135 

135 

139 

135 

133 


700° 

165 

139 

139 

139 

135 

139 

137 


1.800° 

130 

— 

— 

— 

— 

— 

— 


Consequently, all sorts of iron and steel at ordmary temp have a coeff of 
linear thermal expansion of 0 000011 , and at 758°, approximately 0000017 , or 
the mean value, between 0° and 758°, is 0 000014 , or the true coeff of expansion 
at temp , 6 °, between 0° and 758°, is da/d6=0 000011+0 0 s S6 Above the critical 
zone, 758°, the coeff increases with the proportion of carbon so that 

Carbon 0 05 02 OS 1 2 ptr cent 

da/dO 0 0*15 0 0 4 17 0 0*22 O 0 4 29 


Consequently, there is a kind of shrinkage with increasing proportions of carbon, 
and this attains a minimum with about 0 8 per cent of carbon 


Carbon 

0 05 

02 

05 

0 b 

1 2 per cent 

Transformation temp 

840 3 

708 

72b 

730° 

725 

Shrmkago 

0 20 

023 

0 21 

0 0b 

0 10 per cent 


H le Chatelier showed that steel with about 0 8 per cent of carbon expands regularly 
up to about 700°, and above that temp it suddenly decreases m vol about 0 1 per 
cent Thus follows a gradual, or at 50° higher temp , an abrupt expansion, so that 
the vol is nearly the same a 5 * before the contraction occurred Beyond this temp , 
the expansion is regular These changes are reversed on cooling When the 
sudden contraction occurs, the metal consists of pearlite, and when the sudden 
expansion occurs, of martensite, and m between, of troostite At the critical 
point Aj, there is not only a simple volume change corresponding with the melting 
or dissolution of a substance, but there are also two opposing volume changes which 
are approximately compensated with steel containing 0 9 per cent of carbon 
Thus, the expansions, SI mm per 100 mm , were 

315 ° 500 ° 600 ° 760 800 ° 830 860 900 950 

3Z 0 35 0 63 0 82 0 05 1 00 1 12 1 20 1 25 1 3 4 

The maximum is here twice as much as the value obtained by G E Svedelius? 
who heal ed his samples very rapidly, while H le Chatelier heated them very slowly 
No sudden vol change, above 0 01 mm per 100 mm , was observed at the A 2 - 
arrest There are some anomalies at the A 3 arrest, which seem to be connected 
with the presence of hydrogen or sulphur, because, working with iron with 0 05 
per cent carbon, the results varied with the nature of the atm Thus 


Atmosphere 

Hydrogen 

Hydrogen 

Air 

Hydiogen 


.transformation 
temperature 
840° to 860° 
000° to 1000° 
950° to 1025 
925° to 975 0 


Change m length 
0 26 mm 
0 25 
0 20 
0 14 
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F Sauerwald and co workers found for pig-iron an expansion which increased 
from a sp vol of 0 1460 to a maximum 0 1484 at 840°, and then decreased 
steadily as the mp was approached — vide supra, sp gr H Sieglerschmidt 
observed a marked increase m the thermal expansion of high- and low-carbon steels 
as they passed through the transition temp — approximately 700° J Seigle studied 
the subject K Honda and co-workers found for the coeff of linear expansion, a, 
of cementite steels 

Carbon 15 18 20 25 29 per cent 

a 0 0*208 0 0*2 02 0 0*194 0 0*186 0 0*179 


and for cementite between 0° and 1130°, 0 0000315 K Honda’s results with 
Swedish iron, and carbon steels are summarized in Fig 234 The A r and A 3 
transformations can be easily detected by the abnormal change m length m the 
ranges of these transformations The coefficients of expansion of these steels, 
below the Ax-arrest, increase rapidly with temp , the coeff of expansion temp 
curve bemg slightly concave towards the temp axis The contrary is the case with 
low-tungsten steels According to G Sirovich, at 370°, the A 0 -arrest, where 
a x Fe^a 2 Fe, the coeff of thermal expansion of the two forms of a iron are 
different W Broniewsky found three critical pomts m the expansion curves of 
purified iron, one for a-iron stable below 730°, another for j3-iron stable at 950°, 
and a third withy iron at 1020° The observations of J H Andrew and co workers 


are summarized in Table XXXV 
J H Andrew and co-workers found 
that with the slow cooling of steel, 
at the Ar 3 , 2 -arrest there is an 
increase in vol which is contmuous 
with the Ar r arrest At the Ar x 
arrest there is a sudden expansion 
depending on the carbon content, 
and initial temp At 150° to 60° 
there is a large expansion inde 
pendent of the carbon content On 



Pro 234 —Thermal Expansion of Iron tempering, at 100°, there is a con- 

and Steel traction when the carbon content is 


, , , _ greater than 0 6 per cent when 

quenched above the Ac 3 , 2 -, x arrest , between 150° to 300°, there is no change , 
betweenS 00 and 330°, the contraction is neutralized by the y iron present , and 
at 500 .there is no change The changes m volume and expansion which occur when 
austenite is transformed into martensite were discussed by E Scheil, G Tammann 
and.E Scheil, JH Whitehead, S Sato, F Stablein, A Schulze, B D Enlund, 
F Wever and P Rutten, L E Daweke, F A Fahrenwald, Z Jeffries, W Frankel 
fS 4 J 1 nn> H Uanemann and L Trager, S Konno, T Ease, F Ribbeck, 
ana A M. Portevm and P Chevenard — vide wpra, tempermg F Roll studied the 

r e ™"i ft e c X f mion of cast ir ° n M A Grossmann studied the changes m length 
from 606 to room temp when a high-speed steel- 0 72, C, 18 0, W, 40 Or , 
JMJ f emg cool . ed Somite hardenmg temp , and found that when the 
f ( ^^ « g a t !w P 18 , low ’ 938 » tte transformation to such martensite as is 
fonwdis sudden and complete, but the amount of martensite formed is com- 
A , S luenchmg temp is raised, there are two effects 

bemr irZ^w bef ? re transformmg to martensite, the austenite 

braginaw stable because it has dissolved more alloy and carbon, and (n) the 

**"• pla< * over a ™ der range of ^ m P tbe 

te "5P» tlle expansion, once begun, proceeds during the whole 
with the 1321° nn^fc° m ’ and ’ mdeed > the expansion contmues at room temp — - 

next 12 his Tb« r0 i! m *t mp .f™ 62 ? 81181011 ® m occurred dunng the 

Tbe resultB show tow difficult it is to locate transformation points by 
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cooling curves, and also that martensite contmues to form over a long period of 
time down to room temp Some measurements were also made by E C Bam and 
W S N Waring, H Scott, and S L Hoyt A Werner found that with hardened 
soft steels, the coeff of thermal expansion was 7 to 21 per cent greater than the 
same alloy m the soft state , the actual values were 10 4xl0~ 6 to 12 6 X 10 -6 for 
soft steels, and 11 1 xl0“ 6 to 14 7 X 10~ 8 for hardened steel at 20° At the temp 


Table XXXV — The Effect of Initial Temperature on the Physical 
Properties of Steel 


Critical 

point 

Thermal 

capacity 

Thermal 

expansion 

Resistivity 

Magnetic 

properties 



1 Slow C 

Pooling 


Ar 8 , 2 

Evolution of 

heat 

Increase m vol 
continuous with 
Ar x 

Fall m resist 
lvity contmu 
ous with Ar x 

Slight change 

Ar x 

Evolution of 

Sudden expansion 

Sudden decrease 

Sudden mcrease 


heat 

depending on car 
bon content and 
initial temp 

| m resistance 

1 

m permeability 

400° point 
in Ni Cr 
steelb 

t 

i 

i 

9 

Low point 

Small evolution 

1 aigo expansion 

Deuease m 10 

Increase m per 

at 150° to 
60° 

of heat 

independent of 

1 < arbon content 

i 

2 Ttmj 

sistance 

ot) ing 

meabihty 

Point"- at 

No diango 

1 Conti action with i 

Decieabe in rt 

Slight mtiease m 

100° 

noted 

1 carbon greater 
than 0 b per cent , 
when quenched 
above Ac a , 2 x 

sistance 

permeability 

150°-300° 

Evolution of 

heat 

No change 

Above change 
continues 

Above change 

contmues 

300°~250° 

Evolution of 

Contraction neu 

Sudden decrease 

Sudden increase 


heat if gamma 

tralized by y iron 

m resistance if 

in permeability 


iron be present 

present 

y iron present 

if y iron present 

500° 

None 

None 

None 

Increase m per 
meabihty 


of liquid air, say —160°, the minimum values fell to 6 3X10 -6 and 71xl0“' 6 
respectively, and at 150°, they varied between 12 1 X 10“ 6 and 14 6 X 10 -6 respectively 
The introduction of manganese raised the coeff of thermal expansion The effect 
of cold work was studied by W Jubitz, who observed that the rolling ot hammering 
of cast iron produced no change greater than 1 per cent m the coeff of thermal 
expansion 

0 Weigel gave for the true linear coeff of expansion of steel 

0 ° 100 ° 200 300 400 

Lineai coeff X 10° 9 193 10 388 11 563 12 748 13 933 

and he represented the length at 0° by ? o (l+OO 6 91930+OO 8 59250 2 ) Eor the 
two coeff a and 6, L Holborn and A Day gave, respectively, 0 0 5 9173 and 0 0 8 336 
between 0° and 300° W Wimmer gave {$—0 000011 at 20°, and 0 0000093 at 
—180° According to L Holborn and A Day, the expansion with wrought iron 
can be represented by (11,7050+5 2540 2 )XiO“ 9 , and with a high-carbon steel, 
(91730+8 3360 2 ) X 10^ J R Benoit found the expansion of a slowly cooled steel 
to be 1 + 00 + 502 , where a is 0 0 4 10354 to 0 0 4 10457, and jS is 0 0 8 523 to 0 0 8 520 
W Voigt gave for steel a={ll 47+0 0519(0-30)} X KM between 26° and 58° , 
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and for iron, a={ll 58+0 048(0-30)} X 10“« between 24° and 68° E Gruneiseu 
observed for temp between 

-1% to 16 16° to 250 250 to 375° 375 to 500 500 to 62) 025 to 750 

§/ 1 87 3 04 1 88 1 98 2 02 2 02 

for i metre rod at 0°, and 8l~ 1000x0 0^679 (T%} 4 3— Tj 1 4< *) mm, or 
8;=1000{0 O 6 11557(0 2 -0i)+O 0 8 517(<9 2 2 -0^)} 

J Driesen’s results for aXlO 8 are summau/ed m Table \X\VI The X x 
and A 3 arrests appear as minima , the A x minimum remains const mt, but the 
A 3 mi nim um falls with increasing proportions of carbon The results for higher 
proportions of carbon are shown in Table XXXVI Cast non is a mixture of 

Table XXXVI — Coeifioifnt’s or Thermal Expansion for Carbon Steels 


Percentage of carbon 


leropen 


turc range 

0 06 

0 22 

0 33 

0 40 

0 65 

0 81 

12o 

1 4 o 

107 

20°-I00° 

1166 

1166 


1129 

1104 


1087 

1013 

n 

100°-200° 

1293 

1262 

1254 

1235 

1203 

1194 

1124 

1100 

Kirn 

200°-300° 

1423 

1396 

1413 

1374 

1358 

1400 

1328 

1366 

Bttll 

300°-400° 

1634 

1506 


1546 

1516 

1511 

1510 

1541 


400°-500° 

1627 

1592 

1618 

1622 

1596 

1622 

1608 

1646 

1555 

500°-800° 

1664 

1647 

1641 

1647 

1655 

1073 

1643 

1664 

1643 

000°-700° 

1703 

1703 

1647 

1685 

171 i 

1645 

1671 

1655 

1728 

700 -800° 

f- 1212 

+ 8 

— 1176 

-871 

-74 

4 1097 

| 1708 

+ 1986 

+ 2014 

800°-900° 

— 589 

} 882 

+ 1287 

+ 1700 

+2295 

I 2109 

+3105 

| 3674 

+3720 

900°-1000 

| 2218 

j 2100 

+2100 

| 2086 

4 2138 

I 2104 

+2390 

1 mo 

b3710 


graphite, the phosphide eutectic, cementite, and ferrite, and each of these con 
btituents has its own thermal expansion C Benedicks and H Lofquist also 
observed that when 1 per cent of combined carbon is changed into graphite, the 
\ olume of the casting increases 2 04 per cent Consequently the thermal expansion 
of cast iron depends on a number of secondary effects, and is quite a complicated 
phenomenon Thus, B Morgan showed that a cast iron with 3 5 per cent of carbon 
and 2 per cent of silicon will expand uniformly up to 550° when it is heated at the 


Table XXXVII — Coefficient of Thermal Expansion of Cast Iron 


I emperature 
range 

Percentage of carbon 

197 

2 24 


3 80 

20°-100° 

994 

961 

851 

871 

120°-200° 

997 

967 

794 

793 

200M00 0 

1325 

1336 

1277 

1298 

300 -400° 

1519 

1541 

1543 

1548 

400°-600° 

1644 

1697 

1679 

1679 


rate of 30° peT minute Above 550°, m addition to the ordinary thermal expansion, 
graphitization occurs and this causes an increase in vol dependent on the degree 
of graphitization At the Ac* critical point, there is (a) a contraction due to the 
change of a- into y-iron , and (6) the dissolution of some carbide not decomposed 
below the Ac r pomt, and this mvolves an expansion As a rule, all the undecom 
posed carbide does noj; dissolve at the Acupoint, because the heating it has received 
a the lower temp pauses the grains to become coarser, and to dissolve less rapidly 
m the austenite The rate of expansion of austenite with temp is different from 
of iron below the Ac^ airest This expansion is also nioditicd by the dis 
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solution of iron carbide m austenite as the temp is raised At still higher temp , 
some of the temper carbon deposited at the lower temp is re-absorbed In the low- 
silicon cast irons, the carbide remains stable almost to the Ae^-critical point , mottled 
irons are stable, but show a discontinuity at about 250° owing to a magnetic change , 
whilst the chromium cast irons at about 400° show a change m the expa n sion curve 
from about 0 O 4 I 3 O to 0 0 4 150 The average thermal expansion of cast irons can 
be taken to be 0 0 4 140 H A Schwartz found the coefE of expansion of molten 
cast iron to be constant between 1375° and 1500° 

Accordmg to H Esser, the thermal expansion cuive of pure iron that has been 
de gassed by repeated heating at 700° to 800° m vacuo, places the Ar 3 -point at 898° 
and the Ae 3 at 904° , the Ac^ arrest is detectable only when at least 0 06 
per cent of carbon is present m a steel, and the Ar x arrest when there is 0 20 per 
cent With 0 86 per cent of carbon, both the A^- and A 3 arrests coincide, the 
Ar-arrests at 708°, and the Ac arrests at 736° The line joining the Ac^-arrests 
of iron carbon alloys containing up to 0 86 per cent is horizontal at 736°, whereas 
that joining the Ar 4 arrests rise m a smooth curve from 685° with 0 1 per cent to 
708° with 0 86 per cent The Ar 3 - and Ac 3 lines fall steeply m smooth curves to 
join the A 1 lines at the eutectoid point 

G Charpy and L Grenet measured the elongat on of various alloy steels at 
different temp , and the results aie plotted m Figs 235 to 240 AB represents the 



t 

I IGS 230, 236 and 237 — Thermal Expansion Curves 

stable condition on heating from the ordinary temp , and it corresponds with the 
thermal expansion , BC lepresents a transformation which is accompamed by a 
contraction , CD represents the stable condition above the transformation temp , 
and it represents the thermal expansion , DE represents the contraction of the 
steel on cooling from, say, 950° , EF represents the transformation on coolmg, and 
it is accompanied by an expansion , and FA represents the contraction as the 
steel cools from the transformation to ordinary temp The alloy steels arrange 
themselves approximately into four groups Group I , Fig 235 These steels 
exhibit very nearly the same transformation temp on heatmg and on coolmg The 
hysteresis effect with slow coolmg is less than 150° Examples are the carbon 
steels, and the majority of alloy steels used for structural purposes where the pro- 
portion of alloying metal is small Group II, Figs 236 and 237 These steels have 
nearly the same transformation temp on slow coolmg as on heatmg, but with 
moderately rapid rates of cooling the transformation on coolmg is much lower than 
with heating The interval of temp depends on the maximum temp attained, 
and on the time the steel is kept at this temp Examples are the high-speed tool 
steels— the Cr-W, Cr Mo, Cr-W-V, and Cr W-V Co steels If these steels are not 
heated above a certain temp , the transformations are reversible , but if this temp 
is exceeded, the transformation temp , with ordinary rates of coolmg, generally 
drops from about 600° to 300°, or even to atm temp , and there is no tionsforma- 
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tion between these temp By suitably seleotmg the temp , a portion of the trans 
formation can be made to occur at 600°, and the remainder at 300° Group III 
Fig 238 In these steels the transformation temp with very slow rates of cooling 
differ from those on the heatmg curves Examples are the nickel chromium steels 
with from 3 5 to 6 0 per cent of nickel, 1 to 2 per cent of chromium, and less than 
0 65 per cent of carbon The steels exhibit the same behaviour if the chromium 
is wholly or partly replaced by manganese, tungsten, or molybdenum The lower 
mg of the transformation temp is not proportional to the amount of added metal 
A small addition— -say 5 to 6 per cent — may depress the transformation temp on 
cooling from, say, 600° to 200°, and further additions may produce only a slight 
effect The transformation point of these steels is always lowered by cooling, and 
since any heatmg of the steel above the transformation temp produces a hardening 
effect, these steels are softened by subjecting them to a form of tempering below the 
transformation temp on heatmg Group IV , Figs 239 and 240 The transforma 
tion temp of these steels is below the ordmary temp , and the steels between 0° 
and 950° show lmear curves both on heatmg and on cooling High nickel, high 
manganese, and high nickel manganese steels come under this category In some 
cases the transformation may occur on coolmg below atm temp 



E Gruneisen found that for pressures, p kgrms persq cm.thecoeff of expansion 
Varies so that r 

ff=» A 1000 

— 190 to 17 17 to 100° —190° to 17° * 17° to 100*' 

a 0 0 6 907 0 0 4 1189 0 0 5 903 0 0*1182 

G R Dahlander studied the influence of a tension, p kgrms, on the coefficient 
of lmear expansion, a, between 0° and 100° He found for an iron wire of 0 878 mm 
diameter, and with loads 


P 

a 


1250 
0 0 4 11902 


2 500 
0 0*11956 


3 750 
0 0*12074 


5000 
0 0*12253 


T“ e 1 ? 49 111111 diameter, and loads 3 750, 6 250, and 10 0000 V grma 
wl* ° t ^respectively 0 0*11296, 0 0*11409, and 0 0*11508 For 
iTSl 1 and A at tte J aspect™ temp 6 l and $ 2 when the loads are respec- 

COeff ° f their ? al expansion a x and a 2 , the relations for a 
wire of cross-section a, are summarized by 

-- * 30 -^ 


oa-Oi 


a(0 2 -0iM 2 Ej 


°? * * e S P fr of molten iron have been already discussed 
no said that at the moment of solidification, molten iron does not expand, but 



IRON 


139 


rather contracts, so that the sp gr of liquid cast iron is 6 65, when that of the solid 
is 7 17, and that the coeff of cubical expansion between 15° and 1315° is 0 00005994 
F Nies and A Winkelmann made observations on this subject T Wnghtson found 
that with grey Cleveland iron, the volume expands as the temp rises until it is in 
the plastic state, when it has the sp gr 6 5, the cold iron having a sp gr 6 95 
After this, a contraction occurs until the mass becomes liquid, when its sp gr is 6 88 
Hence, if the vol of liquid iron be taken as 100, that of plastic non is 105 85, and 
that of solid iron at atm temp , 98 98 — vide sujyra, the sp gr of molten iron 
In preparing castmgs of cast iron, it is part of the moulder’s craft, discussed by 
A McWilliam and P Longmuir, 2 and others, to deal with the casting or cooling 
shrinkage which renders necessary an allowance for the difference m size between 
pattern and casting H Moissan showed that whilst iron contracts on solidifica- 
tion, a sat soln of carbon m iron expands on solidification E Flachat said that 
the contraction with grey pig iron is nearly 1 per cent , and with white pig iron, 
2 to 2 5 per cent The formation of pipe cavities m steel ingots, etc , is an example 
of liquid shrinkage The Hutte gave a linear decrease of - ] -th, with a low-carbon 
steel on coolmg from the m p to ordinary temp So far as the size of the casting 
goes, the net result is determined (l) by the change m vol which occurs during the 
solidification of the liquid, (n) by the thermal contraction of the metal during cooling, 
and (in) by the changes attending the chemical and physical transformations which 
occur as the metal cools down from its f p Whatever condition affects the state 
of the cementite, etc , will naturally influence the shrinkage Thus, the hotter the 
c istmg temp of the metal, the greater the shrinkage K A F dt Reaumur stated 
that cast iron expands on solid if} mg, but B Kerl said that t ist iron contracts in 
such i way that at the commencement of its solidific ition it first expands so as to 
fill up the smallest depressions and cavities of a mould, buk after solidification, it 
contracts R Mallet opposed the view that cast iron expands during solidification, 
and although his curve showed a distinct expansion, correspondmg with that shown 
by phosphoric, grey cast iron, he argued that the expansion was a freak result, or 
rather an experimental error, and thus missed a true phenomenon W C Roberts- 
Austen and T Wnghtson, compared the sp gr of a number of metals during solidi- 
fication, and found that a contraction occurred wrfch cast iron On the contrary, 
A Ledebur said that there is a slight expansion at the moment of solidification 
E J Ash and C M Saeger observed an expansion of 1 65 per cent with grey cast 
iron, and a contraction of 5 85 per cent with a low-carbon, low-silicon type of iron 
F Erbreich, T Turner, S G Smith, F Korber and G Schitzkowsky, P A Russell, 
0 M Saeger and E J Ash, R Moldenke, and F Busse made observations on this 
subject T D West found that the harder grades of cast iron contract least on 
solidification owing to the segregation of graphite W J Keep showed that iron 
alone contracts normally without showing any expansions , but when sufficient 
carbon is present to furnish tool steel, there is a considerable arrest m the con- 
traction curve at a red-heat, and a distinct expansion occurs before the normal 
rate of contraction is resumed With cast iron low m silicon, a slight expansion 
occurred immediately after solidification, this was succeeded by a normal con- 
traction until, at a red-heat, another expansion occurred, and this was followed 
by a normal rate of contraction down to ordinary temp With a cast iron contain- 
ing 3 10 per cent of carbon, and 3 85 per cent of silicon three expansions appeared 
m the curve F Osmond suggested that the first expansion may be at about 1100°, 
where the bulk of the graphite segregation occurs , that the second, probably 
at about 900°, is due to the presence of phosphorus , and that the third, probably 
at 700°, corresponds with the recalescence temp T Turner found that the volume 
changes on the coolmg curves with iron containing 


Carbon only 
Nearly absent 
Absent 
665° 


C and Si C SI and P 
1135° 1060° 

Absent 900° 

695° 730° 


First expansion 
Second expansion 
Third expansion 
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W J Keep also studied the effect of silicon The first arrest observed by T Turner 
is apparently raised by the presence of an inci easing percentage of silicon, and 
lowered by the presence of phosphorus The results confirm F Osmond’s 
hypotheses The second expansion corresponds with the breaking down of the 
ternary eutectic of the system Fe-P-C, observed by T E Stead The first expansion 
is negligibl} small except when carbon is present , in that case, the separation of 
cementite from austenite accounts for the observed effect The third expansion 
is connected with the transformation of the solid soln or hardemte into pearlite 
W J Keep also observed that some carbon segregates m this zone, and this would 
accentuate the expansion attending the pearlitic transformation The effects 
produced by foreign elements are mainly due to their effects on the carbon segrega 
tion — thus, silicon increases the shrinkage , sulphur, and manganese increase 
the shrink age , while phosphorus has very little influence G Hailstone showed 
that liquid contraction is accompanied by a lowering of the sp gi or density If 
the metal is cast with iron hotter than will conduce to liquid contraction — say, 
between 1386° and 1428° — solid, dense castings result , liquid contraction occurs 
when the metal is cast at a medium heat , and if the temp of the iron is too low, 
blow holes appear Conditions favouring a maximum solid contraction favour a 
maximum liquid contraction A cast iron poured at its casting temp shows a 
closer microstructure than otherwise, and the phosphide eutectic will collect in the 
network formation Occluded gases appear to be held more tenaciously m cast 
iron poured at a high temp , and therefore a more solid casting is produced 
Observations were also made by P Bardenheuer and C Ebbefeld, E Bauer, 

0 Bauer, 0 Bauer and K Sipp, R Buchanan, J W Donaldson, F C Edwards, 
H Endo, H 0 Evans, J E Fletcher, T Gray, A Hanszcl, F Korber and 
G Schitzkowsky, J Longden, G Masmg, A Messerschmitt, V W Meyer, 

1 L Norbury, V Pack, N B Pilling and T E Kihlgren W H Pretty, 
R T Rolfe, R T Rolfe and J Laing, C M Saeger and E J Ash, F Sauer 
wald, F Sauerwald and co-workers, H A Schwartz, 0 Smalle), R Stotz, 
D J Thomas, F Wust, and F Wust and G Schitzkowsky The general results 
show that the shrinkage which occurs on casting cast iron is conditioned by 
the chemical composition, the condition of the carbon, the casting temp , the 
rate of cooling, and the temp gradient within the casting The shrinkage of 
grey cast iron is less than that of white cast iron K Tammura studied the 
effect of the melting temp on low-carbon cast iron , and P Bardenheuer and 
W Bottenberg, the effect of the gas-content H I Coe observed that there 
is an expansion during the solidification of white cast irons containing 
manganese The curve shows minima corresponding with Fe s C and no man 
ganese , 8Fe 3 C Mn 3 C, or 5 per cent Mn , 2Fe 3 C Mn 3 C, or 15 3 per cent Mn , and 
3Fe 3 C 2Mn 3 C, or 19 per cent Mn There is also a depression corresponding with 
4Fe 3 C Mn 3 C The expansion with grey cast irons reaches a maximum with 10 per 
cent Mn 

J H Andrew and co workers observed that with steels during slow cooling, 
there are an evolution of heat and an increase m vol at the A 3 , 2 arrest continuous 
with the Arx-arrest , and there is a sudden expansion with the evolution of heat 
at the Arx-arrest The expansion depends on the carbon content and the initial 
temp Similar remarks apply to the arrest at 400° which occurs with nickel- 
chromium steels The arrest between 150° and 160° in consequence of a small 
evolution of heat is attended by a large expansion, independent of the carbon- 
content In tempering at 100°, there is a contraction, without the evolution of 
heat, when the proportion of carbon is greater than 0 6 per cent , and the steel has 
been quenched from above the Ac 3 -, 2 -,x arrest No change m vol occurs when 
heat is evolved at 150° to 300° At 300° to 350°, heat is evolved if y-iron be present, 
and a contraction is neutralized by the y iron present No thermal change or 
atoomal change in vol was observed at 500° J H Andrew and co workers 
Concluded from their observations on the dilation of steels 
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Uie change m vol which occuib at the noimal transformation points, ib the resultant 
of two changes woiking in opposition — (a) an allotropic change, and (6) a change due to 
carbide The lattei change m steels of high caibon content is not completed at the ferrite, 
carbide oi S£J line but continues to a temp depending on its composition — particularly 
on the carbon content — it increases with the carbon content The dilation is a measure of 
the mol cone of the carbide m soln , and controls the temp at which the allotropic trans 
formation takes place Quenching morely stereotypes the condition of thd carbide, which 
m its turn controls the allotropic change This \ an at ion m the mol cone is explained 
by assuming that carbide dissociates at and abo\e the temp of the normal transfoimation 
point Nic kcl c liromium steels behave m much the same way as carbon steels, excepting 
that m the latter the time factoi necessary to produce the s am e changes m the carbide is 
of a much lower order Maitensite is a product formed when the allotropic change has 
been depressed by dissociated carbide to a temp at which the latter is able to exist as such 
m the a iron formed At the temp of the normal transformation point martensite is not 
formed as an intermediate phase between austenite and pearlite When the mol cone 
of the carbide is such that the allotropic change is depressed below atm temp the resulting 
product will bo austenite, t e the iron is retained m the y state By tempering austenite 
m such a way that the carbide becomes partially associated, the allotropic change is able 
to take place on le cooling, forming martensite, and the phenomenon of secondary hardening 
icsults Dilation measurements enable the proportions of a and y non m the quenched 
pioduet of any stool to be doteimmed In carbon steels quenched at ]000 n the non in 
the pioduet is in the a state In allov steels ynon is present in various piopoitions 
paitinilaiK v ith high carbon content Tn extreme eases a iron is cntireh absent 

L Aitchison and G R \\ oodvme observed tli it with, nickel chromium steels, 
the expansion that should be produced at the critical range during the cooling from 
the hardening temp is not completed dui mg the slow cooling m air , re heating to 
quite low temp induces a further expansion , further re-heating to low temp 
brings about a contraction , prolonged heating at low temp induces still further 
contraction , re-heatmg to intermediate temp (300° to 500°) induces a similar 
initial expansion and then a contraction , re-heatmg to 600° induces a contraction , 
the smaller initial expansion at the intermediate temp is likely to be the resultant 
of the expansion and contraction proceeding simultaneously , the total contraction 
brought about at temp up to 200° by repeated heating and eoolmg is less than that 
similarly produced at higher temp , and the maximum contraction brought about 
in any way, at all the different temp , is the same in amount They found that the 
longitudinal and lateral expansions are the same The exposure of steel to a 
higher temp for a long time produces a metal which expands less on cooling, quickly 
or slowly The expansion depends on the production of a stable austenite, which 
changes to martensite reluctantly and hence produces a smaller expansion Air- 
hardened nickel chromium steels when heat treated m the oxdinar} way, are not m 
a stable volume condition The tempering for volume stability requires a long time 
For the changes m vol during the ageing of steel, vide supra The change m length 
of steels during tempering is a combined effect of tempering and temp , K Tamura 
eliminated the effect of temp by measuring the increase mlength of the cold specimen 
The results show that the length decreases at first rapidly, then slightly, and after- 
wards there is a gradual decrease in length as the tempering interval increases , 
and also that for a constant mterval of tempering, 1 hour, there is a decrease m 
length from room temp to 200°, owing to the transformation of a- into j8-martensite, 
and also to a slow decomposition of the martensite to form cementite , the 
maximum, lying between 230° and 300°, is due to the transformation of residual 
uistemte to jS martensite , and the rapid contraction between 260° and 340° is 
clue to the decomposition of f3 martensite The decrease m length above 340° is 
very slow G M Eaton discussed the dilation of steel by the formation of marten 
site during quenching The changes in vol which occur durmgithe quenching of 
steel were discussed by A A Blue, F Berger, D K Bullens, H Brearley, P J Halei, 
A Portevin and P Che venard, I Seigle, A Heller, J F Keller, O E Haider and 
co-workers, R S MacPherran and R H Krueger, J W Donaldson, D Hatton, and 
0 XJ Scott I Jaederstrom discussed the effects of carbon, silicon, sulphur 
manganese, phosphorus, nickel, and chromium on the casting shrinkage of cast iron 
0 Bauer and H Sieglerschmidt observed that the addition of about half per cent 
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of copper or of nickel to cast iron had no perceptible effect on the growth of the 
metal A Portevin disused the deformation of steel during heat treatment 
A Bramley and co workers found that m gaseous cementation, samples of iron 
increased in diameter but generally decreased m length If the original specimen 
contained a high proportion of carbon, or if the carburization was conducted below 
900°, the changes m dimensions were comparatively small 

In 1791, T Beddoes 3 reported “ In annealing crude iron with or without 
charcoal, it is known to increase in all its dimensions I have seen bars, originally 
straight, bent like an S when long exposed to heat m circumstances where they could 
not extend themselves 55 It is a common thing to find the growth of cast iron 
with grate bars, stove-pipes, kiln-bats, oven plates, etc , on exposure to high temp 
J Pnnsep noticed that the capacity of an iron retort increased with successive 
heatings Observations were also reported by A Guettier, P W Brix, A Erman 
and P Herter, and J Percy on the permanent expansion of cast iron by exposure 
to long-continued heat at or above redness A E Outerbndge showed that grey 
cast iron expands more rapidly than white cast iron , that the deposition of carbon 
owing to the dissociation of the carbide does not account for the change m vol , 
and that wrought iron and steel contract slightly when subjected to the same 
treatment C H Wingfield also observed that wrought iron contracts permanently 
with the same treatment 

C Benedicks and H Lofquist analyzed the phenomenon by showing that 
permanent changes in vol can occur m metals m three ways (l) Changes due to 
internal , irreversible or monotropic reactions like that involved m the transformation 
of cementite mto ferrite and annealing or temper carbon, or graphite T Kikuta 
thought that this change might develop internal cracks, but 0 Benedicks and 
H Lofquist, and H F Rugan and H C H Carpenter showed that the theoretical 
expansion so caused is in agreement with the calculated value, and the change is 
not accompanied by mternal cracks Another monotropic reaction is the increase 
in vol attending the oxidation of silicon, manganese, and iron by the entry of 
oxygen through cracks m the metal — mde infra 

(n) Permanent changes of shape resulting from normal expansion and contraction 
J H Whiteley, and J F Keller showed that a homogeneous metal cylinder when 
repeatedly quenched m water from a glowing state undergoes a permanent 
shortening C Benedicks and H Lofquist said 


On immersing a hot cylinder m the water, the outer layer is, of course, quickly cooled, 
and is consequently subjected to a sudden contraction This will oxeib a considerable 
contraction stress on the inner, still warm layers — provided the tensile strength of the 
metal be sufficient — which will be noticeable especially in the direction of the cylinder 
asos , the plasticity of the inner layers being considerable on account of their higher temp , 
these will partly yield, and the length of the cylinder after completely cooling will be 
somewhat less than before treatment The length thus successively decreasing by sudden 
coolings, it is a necessary consequence that the diameter should simultaneously increase, 
as otherwise a successive increase in the sp gr of the metal would occur The result will 
be a powth of the middle part of the cylinder, together with a simultaneous shortening 
of its length , after repeated quenchings the cylinder will thus finally approach to a spherical 
form That this must be the case is easily understood m the following way A sudden 
cooling of the peripheric portions produces a high hydrostatic press m the inner portions 
of the cylinder , this must cause a deformation tending towards a spherical form, in the 
same way as the blowing up of a heated, irregularly foimed, closed glass tube will give a 
J®*?? 01 , les f spherical ball If, instead, the homogeneous cylinder is subjected to a very 
suaaen heating, as, for instance, by immersion in a molten salt bath, the outer parts must 
^retching influence on the underlying portions, with a tendency per 
manentfy to elongate the cylinder (and lessen the diameter of the middle part) As m this 
?^ ave a lower temp ? it is evident that the resulting elongation of 
he less than the shortening on sudden cooling On the other hand, if the 
ffw^f*™* 1 ** particles which reduce its tensile strength, the possibility of the 

m wurn* must . he taken into consideration Accordingly, in the case of a material 

easJy fomed » the f ollowmg will occur On account of the tensile stress 
on mner ones > on sudden heating, cracks may arise m 
vJn sudden cooling, however, cracks will arise, especially in the outer portions 
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of the cylinder, on account of the stresses appearing there As a matter of fact, the interior 
— even if already containing cracks — will offer a considerable resistance to compression, as 
explained above Consequently, a senes of sudden coolings will cause an increasing internal 
bursting or porosity, proceeding throughout the cylinder, and accompanied by an increase 
m volume As this action is caused by the difference m expansion of adjacent layers of 
the specimen, it will, however, not be of any appreciable magnitude except when the temp 
change takes place very suddenly , the velocity of temp change — and consequently of 
expansion — which may be attained by ordinary heating and cooling being rather msigm 
ficant, the phenomenon will be difficult to observe 


(m) Permanent increase resulting from anomalous expansion and contraction 
When a metal has an allotropic phase transformation point, at which a considerable 
anomalous change m length occurs, this is equivalent to an extremely high speed 
of normal expansion and contraction From the above, it follows that in a hetero- 
geneous material possessing an anomalous dilation point, and m which interna! 
bursting may occur, repeated heatmgs with subsequent coolings will cause a sensible 
and permanent increase m vol , and this even if the changes in temp are made 
very slowly The expansion of iron at the Ar-transition temp was studied by 
6 Charpy and L Grenet, A M Portevm and P Chevenard For pure iron, the 
reversible contraction at the Ac arrest amounts to about 0 3 per cent of the length 
at room temp corresponding to a vol contraction of 0 9 per cent when a-iron 
changes into y iron Its intensity diminishes with increasing carbon content, so 
that with 0 7 per cent carbon, the vol contraction is 0 45 per cent This decrease 
is due to the fact that a given amount of carbon has a greater vol when dissolved 
m y iron above the Ac arrest than when combmed with iron m cementite, below 
Ac If, instead, the carbon below Ac is present as graphite, the vol change must 
be even greater than for pure iron Actually, when 0 7 per cent of carbon passes 
from cementite into graphite, an increase of 1 43 per cent occurs Consequently, 
in an iron containing 0 7 per cent of carbon in graphite, if this is entirely dissolved 
at the Ac change, a decrease m vol of 1 9 per cent will occur Again, if 0 7 per 
cent of carbon is dissolved my-iron above Arx and the carbon entirely precipitated 


as graphite, an increase m vol of 1 9 per cent 
will occur, and this corresponds to an mcrease m 
length of 0 63 per cent This represents the 
maximum anomalous expansion which can occur 2 
m grey cast iron at Ar If the silicon-content ^ 
be high, the percentage of carbon passing into 
y soln will presumably be less than 0 7 per 
cent , further, the carbon may not all be pre- % 
cipitated as graphite, for part may be precipi ^ z 
tated as cementite In both cases, the vol or £ 
length changes at Ar will be less than the ^ /$$ 
maximum value 

Basing their hypothesis on the above con- 
siderations, C Benedicks and H Lofquist inter- 
preted the phenomenon by a diagram, Fig 241, 1 

resemblmg those obtained by T Kikuta The ^ 

increase m the length, l, of a cylinder of cast 500 600° 700 800° 300° JQOO * 
iron will then be represented by a curve, ab } de- Fig 241 —Curve showing the Per- 
fined by the expansion coefE of a-iron, namely, manent Increase in Length of 
12x10”°, which increases slowly with temp Heat " 

The coefE of expansion of graphite cannot ^andCoohngs 
sensibly affect the result because the quantity present is so small When the 
cementite begins to decompose, the vol increases faster than is defined by the 
coeff of thermal expansion If 0 9 per cent of combined carbon be present, 
the increase m vol will be about 0 6 per cent , and the resultant expansion is 
represented by the curve cd , and the intermediate stage be T Kikuta found that 
b is approximately at 700° The formation of temper-carbon is complete at c 
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The expansion proceeds along c d until Ac is attained, and if the proportion of 
silicon is high, the temp is 850 J The transformation of the a to the y state 
begins m the outer zone of the cylinder, and a linear contraction of about 0 63 
per cent occurs This contraction will be opposed by the layer immediately 
below, which, like the whole of the interior, is still in the a state The metal here 
offers a great resistance to compression, so that tlxe outer layer will be subjected 
to a severe strain giving rise to an internal bursting of the metal, which, on account 
ot the contained graphite, possesses a very low tensile strength, and this results 
m a permanent lengthening If thereby the tensile strength of the outer layer 
be \ery slight m comparison with the compression strength of the inner part, the 
outer layer, y, would lengthen to exactly the same length still held by the inner 
part, a The transformation having proceeded is this way until all is m they state, 
no perceptible contraction of the cylinder would be obser\ ed The metal, how ever, 
originally assumed to be devoid of cracks, possesses a certain tensile strength, so 
that on the first heating of the cylinder, a slight decrease m the resultant length 
may occur If a quarter of the specific contraction takes pi ice m this way, flu 
resultant contraction, 0 16 per cent will lie that~*epiesented m Fig 241 by tin 
jump from cd to of it 860' The slope oi rj f is rather greitei than that of cd, 
corresponding with the fact that y iron has a gieater coeft of expansion than 
a iron Since the graphite lequues tune to dissolve in the non, a sudden jump 
will not occur, and de extending over an interval of, say, 50 \ represents the region 
where the graphite is dissolving The heating may now be continued up to 950°, 
represented by / m the diagram On cooling, the contraction would follow the 
curve fe, but a certain dissolution of graphite would occur at this high temp , since a 
surplus of graphite is present, and this makes the backward curve fg slightly below ef 
The At arrest is reached at about 800° The transformation first occurs m the 
outer layer of the cylinder, which undergoes a strong anomalous expansion which, 
as inchoated, attains a maximum of about 0 63 per cent before the expansion of 
the underlying parts has begun The outer layer is thus subjected to severe 
compression, and the inner part to strain As a result, either the dilated outer 
layer is unable to produce any bursting of the interior layers, or the expansion of 
the outei layer will cause a certain bursting of the underlying layers In the former 
case, the underlying layer will successively undergo the same expansion as the 
outer layer, and m the latter case, the underlying layers, after the transformation 
has taken place, will possess a somewhat larger vol than that corresponding with 
the anomalous expansion itself The latter case is the less probable, even if the 
tensile strength of the material be low, since the surf ace day er, being very thin to 
begin with, cannot exert any considerable lengthening stress on the inner parts 
In any case the resultant effect will be an expansion of the cylinder as a whole 
Consequently, the expansion on the first passing of Ar may be assumed to amount 
to the theoretical maximum of 0 63 per cent This increase m length corresponds 
with the passing of the curve from the point g to the curve hi The change from 
g to In does not take place suddenly, because the reaction cannot take place 
instantly , the precipitation of graphite occupies a certain time, especially as it 
is possible that a certain amount of cementite is formed primarily , and only later 
decomposed into graphite The change, therefore, proceeds along the curve gh 
covering an interval of, sav, 50° The change m length during the subsequent 
cooling of the cylinder is represented by In, and may continue until the point & is 
attained, say, 650°, when the cylinder in reheated The expulsion may then 
proceed along fh , or lather ilong id ' , because i slight continued pieupitation oi 
graphite may occur 

When the Ac-airest is reiched for the second tune at d', the prevailing cm um 
stances aie the same as before, with the difference that an internal buistmg of the 
tynnder remains as a result of the previous heating Making the nec essary modifica 

ns for the residual effects of previous heatings and coolings, a series of loops is 
obtained as indicated m the diagram The primiry cause of the growth of cast 
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iron is attributed to the fact that on account of internal bursting around the 
graphite lamellae, the anomalous contraction at Ac decreases much more rapidly 
than the anomalous expansion at Ar Every heatmg cycle consequently gives 
rise to a residual expansion The repeated heatmg of the iron through Ac results 
m a continuous growth with an increased internal bursting This bursting implies 
a lessened probability of the dissolution of graphite afc Ac, etc When heated in 
air, the cracks which are developed render possible a strong oxidation proceeding 
successively inwards This phase of the subject was studied by H F Rugan and 
H C H Carpenter, H F Rugan, J H Andrew and co workers, J E Stead, 

0 E Pearson, M Honkiri and K Uyeno, E Richards, T Terao, J E Hurst, 
H Stager, T Wrightson, J E Fletcher, E Honeggar, E Scheil, J Seigle, 

P Bardenheuer, and F K Neath 

H F Rugan and H C H Carpenter found that growth proper begms at about 
650°, and it increases eightfold at 675° , it appears to reach a maximum at about 
730°, and at 900° a further increase m volume was only just perceptible They 
showed that alloys free from graphite do not grow, and that under suitable 
conditions, alloys containing graphite are capable of growing With approximately 
constant carbon, the ultimate growth after repeated heatmg is approximately 
proportional to the percentage of silicon up to 6 per cent The growth is far m 
excess of that caused by the transformation of combined mto free carbon, and, in 
fact, growth was greatest m high silicon alloys containing no carbon combined with 
iron Two agencies thus appear at work The internal press of gas which the alloys 
contain m their original cast condition, and which is probably physical m character , 
tire effect of external gas m contact with the alloys durmg their heat-treatment, 
which is probably partly physical and partly chemical m its nature It was shown 
that the silicon is mainly responsible for the expansion, and that the expansion 
due to the precipitation of free carbon is relatively insignificant There is an 
increase in weight which is approximately equal to the increase m the weight of 
iron and silicon oxidized minus the loss m weight due to the oxidation of carbon 
The oxidation of silicon combined as FeSi is not sufficient to account for the gam 
m weight, and hence iron itself must also be oxidized The carbon is oxidized to a 
greater extent in alloys contammg least silicon , and in irons with least combined 
carbon, the oxidation of this element is at a minimum It was mferred that when 
the metal is cooling, furnace gases penetrate to a certain depth m the metal, possibly 
along slits existing between the plates of carbon and the solid soln of iron silicide, 
and through holes which exist here and there The carbon oxides are assumed to 
oxidize the iron silicide, and durmg this period, growth and incipient disintegration 
occur J W Donaldson found that the presence of chromium retards the growth 
of cast iron The mam cause of growth is the oxidation of the iron silicide 
E H Samter added that every time the metal is annealed and expanded, whether 
by the oxidation of the silicon or of the iron, the presence of the oxidation products 
prevent the metal from contractmg to its ongmal size when cooled The process 
is repeated when the iron is again stretched by heatmg H F Rugan and 
H C H Carpenter were unable to expand iron silicon alloys contammg more than 
0 20 per cent of carbon , free carbon is necessary for the phenomenon One 
specimen of metal shrank, if anything, when heated to 900 m vacuo but when 
heated m furnace gases it expanded 67 per cent Each time the metal is heated 
and cooled, the furnace gases penetrate a little deeper owing to the opening up of 
fresh avenues by the reactions just indicated Each time the metal is heated and 
cooled the reactions are repeated, the iron is more and more disintegrated, and a 
further growth takes place At the end of the process, the metal has lost the 
properties of cast iron, it has no mechanical strength, and may be sawn like 
chalk H C H Carpenter found that for grey cast non the approximate percentage 
growths, with increasing proportions of silicon, were 

« 10 1 50 2 0 2 5 3 0 3 5 per cent 

. liS 2!” 270 810 74 0 870 

VOL XIII 
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Phosphorus tends to diminish the growth, since the growth was lessened about 3 per 
cent by the presence of 0 3 per cent of phosphorus, and still more with a higher 
percentage of phosphorus , the small amount of sulphur m commercial cast irons 
has but a slight influence in the direction of retardation , manganese retards the 
growth m all cases Thus, alloys with 2 25 to 2 40 per cent of carbon and 0 40 
to 0 48 per cent of silicon, as well as 0 510, 0 735, and 0 935 per cent of manganese, 
after 151 heats, had respectively growths of 7 49, 6 06, and 3 09 per cent Dissolved 
gases have no influence on the growth of an iron containing more than 3 per cent 
of silicon , with between 1 75 and 3 00 per cent silicon they may cause a growth of 
1 to 2 per cent Their most potent influence occurs when silicon does not exceed 
1 per cent , and m such cases may be responsible for a growth of at least 10 per 
cent An iron alloy with 2 66 per cent of carbon, 0 587 per cent of silicon, 1 64 
per cent of manganese showed no signs of growth afteT 150 heats, but rather about 
0 13 per cent contraction The factors which lessen the growth sometimes act 
by lessening the intensity of the transformation— e g hydrogen, and nitrogen, 
observed by F Wust ind O Leihener, F Osmond, W V Roberts* Austen, 

F H Andrew, H 8 Rawdonandco workers, orby the stabilizing influence of different 
substances on ccmentite — e g phosphorus, observed by F Wust and co workers, 

O Bauer and K Sipp, P Oberhoffer, E Schuz, H V H Carpenter, T H Andrew 
andR Higgms, etc , a subject discussed by W H Hatfield, and J E Hurst, sulphur, 
discussed by E Schuz , chromium, by P Goerens and A Stadeler, and O Bauer 
andK Sipp The case of aluminium was discussed by C Benedicks and H Lofquist, 

C Geiger, and E G Odelstierna , of sulphur, by 0 Bauer and K Sipp , of mckel, 
by O Bauex and K Sipp , and of titanium, by B Freise, and R R Kennedy and 
G J Oswald In some cases the eSect is due to the production of more finel)- 
divided graphite which, as W E Remmers, and H Hanemann have shown, 
increases the tensile strength of iron, and retards growth 

W E Remmers found that the alloying elements, silicon, aluminium, and, under 
certain conditions, titanium, and mckel, which favour the precipitation of carbon, 
tend to increase the growth, while such elements as chromium and manganese, 
which exert a stabilizing effect on the carbon, tend to decrease the growth An 
increase in the total carbon mcreases the growth 

The general result is to show that the growth of cast iron when repeatedly 
heated is due to the physical changes at the Ac r and Ax ± arrests, accompanied by 
bursting and cracking , as a result of the opening up of the iron, oxygen enters 
and produces the changes indicated by H F Rugan and H 0 H Carpenter 
T Kikuta observed no sensible growth when the maximum temp does not exceed 
the critical temp , though a considerable growth occurs on exceeding that region 
Several instances of the growth of cast iron have been reported at temp , not 
exceeding Ac 1? and C Benedicks and H Lofquist added that the observed effect 
must be due to the formation of temper carbon from cementite F Wust and 
O Leihener concluded that the influence of chemical composition on the growth 
of cast iron is obscured by other factors , that the growth m a neutral atm cannot 
be explained by the decomposition of cementite , that the finer the state of sub- 
division of the graphite, the smaller the growth , that the growth m the middle 
zone is faster than m the border zone , and that the gas content of the cast iron 
has an important influence on growth 

A E Outerbndge thought that the growth of cast iron is " an inherent quality 
of the metal, and has existed for all time The astonishing change m vol 
is a molecular not a chemical process ” H F Rugan and H C H Carpenter 
flowed that the phenomenon, is a consequence of the oxidation of iron sihcide 
E H Saniter said that the phenomenon must have some relation to the thermal 
expansion of the metal because it is necessary to heat and cool the iron to make it 
m J 0 ^ 11316 ^ Kikuta believed that the first growth on heating 

wougtiTOO to 800 is partly due to the decomposition of the cementite, but the 
ued expansion of grey cast iron in vacuo during repeated heating and cooling 



IRON 


147 


is due to the differential expansion of the various constituents which produce 
numerous fissures or cavities m the neighbourhood of the plates of graphite If 
the metal be now heated m air, these cavities serve as avenues for the entry of 
oxidizing gases m accord with the theory of H F Rugan and H C H Carpenter 
H C H Carpenter did not obtain a growth m vacuo C E Pearson suggested 
that any observed growth in vacuo is due to the influence of occluded gases , he 
found that the growth m hydrogen is inconsiderable A E Outerbndge, 
J E Fletcher, and M Okochi and N Sato consider that the growth of cast iron 
by repeated heating and coolmg through the Arrange is caused by the press of 
occluded gas T Kikuta said 

The growth of giey cast iron during the Gist heating thiough 700° to 800°, is partly 
attributable to tho decomposition of cementite The continuous growth of grey cast iron 
in a vacuum during repeated heating and cooling through the A x range is the effect of the 
differential expansion at different mieroportions of the same specimen numerous fissures 
or cavities being thus formed m the region of graphite flakes In an oxidizing atmosphere, 
the growth is accelerated by oxides formed and filling the fissures or cavities during Ar x 
transformation Thus tho effect ot oxidation on the growth of cast iron is indirect The 
growth of white c ast iron is almost completed m the first heating to 800° About one third 
of tho whole expansion is duo to the decomposition of eutectic and pearlitic cementites and 
the othei two thirds to the minute fissures or ca\ lties formed by the irreversible expansion in 
different microportions of the same spor imen The elongation observable at higher tempera 
lures than the A 1 point is due to the piessure of occluded gases 

A Campion and J W Donaldson observed an expansion up to 0 3 per cent 
after 25 heatings at 450° , a definite growth was also observed at 550° 
Observations on the subject were made by J H Andrew and R Higgins, 
J H Andrew and H Hyman P Bardenheuer and co workers, O Bauer and 
co workers, W H Blackburn and J W Cobb, W C Bogenschutz, J W Cobb, 
J W Donaldson, J S Durn, J Durand, W Freytag, J W Gardom, W H Hatfield, 
H M Howe, T E Hull, J H Hurren, J E Hurst, D H Ingall and H Field, 

R L Keynon, T Kikuta, 0 Leihener, A Levi, O Lellep, G C McCormick, 

R S MacPlierran and R H Krueger, R Mitsche, J H G Monypenny, 
E Moigan, A L Norbury and E Morgan, P Oberhoffer and E Piwowarsky, 
M Okochi and N Sato, C E Pearson, E Piwowarsky and O Bornhofer, 
E Piwowarsky and co-workers, W H Poole, W E Remmers, F Roll, 
W Schreck, W Schwmmng and H Flossner, K Sipp and F Roll, R Stumper, 
V N Svechmkoff, Y Utida and M Saito, T Wnghtson, F Wust and co-workers, 

and F Wust and O Leihener studied the growth of cast iron under tension 

According to J Percy 

Advantage has been taken of the permanent increase in volume which cast non acquires 
by long exposure to a high temperature m rendering cannon shot serviceable which, had 
been cast too small The shot was heated m a charcoal fire, well embedded m the charcoal 
and allowed to cool under charcoal dust Their surface was bluish grey, and did not 
require any cleaning to fit the shot for use whereas m previously attempting to employ 
a hot blast oven for the same purposes, the surface became coated with firmly adherent 
red oxide, so diffi cult to detach that it was found preferable to re cast the shot than incur 
the labour and expense of cleaning them 

The observations of H F Rugan and H C H Carpenter, W H Hatfield, and 
J E Stead show that the method of making over-shrunk castings grow to their 
proper size by re heating, recommended by A E Outerbndge and others, can be 
employed only at the cost of some deterioration of the metal 

G Wiedemann and R Franz 4 said that if the thermal conductivity of silver 
is 100, that of iron is 11 6 , L Holbom and W Wien said that if the conductivity 
of copper is 0 918, that of iron is 0 156, and steel 0 062 to 0 111 F E Neumann 
found the thermal conductivity of iron to be jfc=0 1638 cal per cm per second per 
degree , A Berget gave 0 1587 above 0° , K Angstrom, 0 1988 at 0°, and 0 1417 
at 100° , L R Ingersoll, 0 1428 between 20° and 100° , L Lorenz, 0 1665 at 0°, 
and 0 1627 at 100° , and H Weber, 0 1485 at 39° H Masumoto extrapolated 
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0 1741 for the thermal conductivity of pure iron J D Forbes obtained foi wrought 
iron 

0 “ 50 100 “ 130 " 200 275 

k 0 2070 0 1772 0 1567 0 1447 0 1367 0 1240 


R W Stewart gave for the thermal conductivity of iron, at 0°, k — 0 172(1-0 0011$) 
C H Lees gave 0 147 at 18°, and 0 152 at —160° T C Baillie, P G Tait, 
P Straneo, T S Taylor, and L Ott made observations on this subject For 
wrought iron, W Jaeger and H Dies&elhorst gave 0 1436 at 18°, and 0 1420 at 
100° , E Gruneisen gave 0 171 at 18° , W Bcglmger, 0 111 to 0 150 at 8° , and 
E H Hall, 0 1528 at 28° M Jakob gave 0 135 for the best representative value 
of wrought iron For cast iron, W Beglmger gave 0 003 to 0 153 at 8° , and 
E H Hall and C H Ayres gave 0 1490 at 30" M Takob gave 0 12 for the best 
representative value of cast iron G Kirchhoff and G Hansemann gave 0 0964 
at 15° for Bessemer steel with 0 52 per cent 0 , and W Bcglmger, 0 0985 to 
0104 at 8°, and for Siemens-Martens steel, 0133, while E H Hall, for sin»k T 
steel with 0 1 per cent of carbon, gave 0 1325 at 27 2°, and 0 1300 at 59 2° G Kirch 
hoff and G Hansemann gave 0 1418 at 15° for puddlod steel with 0 13 per cent of 
carbon, and 0 1375 at 15° when 0 25 per cent of carbon was present W Be glmg er 
gave 0 123 at 8° for hard Thomas’ steel, and 0 122 at 8° when the steel was softened , 
hard crucible steel has the value 0 108 at 8 " , and the soft steel, 0 105 at 8°’ 
1 Kohlrausch gave 0 062 for hard steel, and 0111 for soft steel B Gruneisen 
gave 0 124 at 18° for steel with 0 57 per cent of carbon, 0 123 for steel with 0 99 
per cent of carbon, and 0 119 for steel with 1 50 per cent of carbon W Jaeger 
and H Diesselhorst gave 0 1085 at 18° and 0 1076 at 100° for steel with 0 1 per 
cent of carbon , and C H Lees, 0 115 at 18° and 0 113 at -160° for steel with 
0 1 per cent of carbon Observations were also made by J Mercier and P Michou 
her,H J French and 0 Z Klopsch,E M Bryant, G Halliday,J Hirsch,A C Kirk, 
r Zittenberg, A J Durston, W F Barrett and co workers, T M Barlow, 
J W Bolton, E J Janit/ky, G Graf, N M H Lightfoot, A L Feild, P Lejeune, 
l> << ( P° na ^ bon ; 1' J Ess, H Sohmick, H Thysbui and co workers, J Thoulet, 
K ir i rpenter ’ D Royce > A Eiechynden, J G Hudson, and W Beglmger 

11 Masumoto found that m the case of oast iron, and steels, the thermal con 
duotmty decreases rapidly at first, and then slowly as the proportion of carbon 
increases The annealing of the cast iron raises the conductivity, but a subsequent 
annealing produces no change provided no graphitization occurs Thus, with 
chill-cast and annealed (at 1000°) cast iron, the conductivities were 


Carbon 
, ( Chill cast 
^Annealed 


2 41 
0 0763 
0 0801 


2 67 
0 0702 
0 0760 


3 17 
0 0607 
0 0633 


3 64 
0 0513 
0 0540 


4 13 
0 0435 
0 0477 


4 40 
0 0350 
0 0390 


4 61 per cent 
0 0309 
0 0370 


Graphitization decreases the thermal resistivity by about 3 99 for 1 per cent of 

enTuJnpfiTnf tt Tn * 35 P er cent carbon with no graphite had a 
and a ^ 3 89 P er cent of the carbon as graphite, 0 1346 , 

0 0287 per eent car ^ orL and no graphite had a conductivity of 

tion i 55 TV®? °f the carbon as graphite, 0 1332 By extrapola- 

second conductivity of cementite is 0 017 cal per degree per cm per 

S ilSvJ? 6 COrreSp0 ^ value for “on is 0 1741 at 34 § 0 Benedicks 

^*^££$6 *-tes e th "Son vie o? 

g Sir js ft 

Sti K 7 , M + 2 4 »2[C]+5 081 [Si] + 2 461[Mn] 

-iswas £ w-Wiss t rc s.” 
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were 0 127 and 0 109 Silicon, nickel, vanadium, and manganese lower the con- 
ductivity — vide infra , the special steels — the influence of phosphorus is negligible , 
and chromium and tungsten raise the conductivity Structure is of less importance 
than composition, though ferrite is a better conductor than eutectoidal pearlite 
K Honda and T Simidu obtained the following results for Swedish iron, and for 
steels with different proportions of carbon, between the temp named 


Swedish 


30° 

137° 

234° 

375° 

516° 

613° 

710° 

834° 

iron 


[0 134 

0 128 

0 119 

0 109 

0 095 

0 086 

0 084 

0 078 

0 18 


30° 

123° 

214° 

325° 

504° 

639° 

768° 

926° 

pei cent 

O 

10 108 

0 108 

0 108 

0 101 

0 089 

0 085 

0 072 

0 075 

0 44 


O 

o 

156° 

230° 

392° 

540° 

643° 

773° 

862° 

per cent 

c 

to 081 

0 080 

0 081 

0 079 

0 072 

0 070 

0 060 

0 062 

0 64 


30° 

118° 

248° 

368° 

523° 

639° 

771° 

926° 

per cent 

0 

LO 105 

0 105 

0 103 

0 098 

0 088 

0 086 

0 069 

0 076 

0 80 

/ 30° 

179° 

242° 

369° 

508° 

629° 

757° 

897° 

per cent 

C >0 101 

0 101 

0 101 

0 095 

0 092 

0 082 

0 073 

0 077 

1 02 


30° 

116° 

254° 

360° 

544° 

625° 

758° 

886° 

per cent 

0 

[0 103 

0 101 

0 103 

0 100 

0 095 

0 089 

0 074 

0 077 

1 30 


30° 

110° 

214° 

322° 

530° 

637° 

749° 

874° 

per < ent 

c 

[0 086 

0 086 

0 087 

0 088 

0 078 

0 074 

0 066 

0 067 

1 50 


30° 

129° 

219° 

303° 

418° 

527° 

631° 

77 5° 

pei cent 

c 

0 086 

0 086 

0 087 

0 085 

0 083 

0 074 

0 074 

0 066 


h Honda and T Simidu observed that G Wiedemann and R Franz s law 
3 31, 5— holds for temp up to about 900° , andL Lorenz’s law— 3 21, 5— applies 
for Swedish iron , but for steels, the conductivity-resistance curve does not pass 
through the absolute zero The subject was discussed by A Eucken and K Dittrich 
T Simidu observed that for forged, quenched, and annealed steels, the products 
of the thermal and electrical conductivities are approximately constant, the mean 
value is 0 185 or 7 75xl0 10 megs umts This is greater than the theoretical 
value 6 5 X 10 10 , and the discrepancy is attributed to a special molecular condition 
of the steels which is distinguished from that of other metals by their ferromagnetism 
H Masumoto found that the product of the electrical resistance and thermal con- 
ductivity of iron is a little greater than the theoretical , with increasing impurities 
the product increases slightly With steels and cast iron, the products increase 
slightly with increasing carbon-content Graphitization causes a large increase in 
the product Extrapolation gives 0 24 for the product with eementite The subject 
was discussed by G Kirchhoff and G Hansemann, F Kohlrausch, A 0 Mitchell, 
E Gruneisen, F A Schulze, E D Campbell and W C Dowd, E Gruneisen and 
E Goens, W G Kannuluik, R Kikuchi, and F A Fahrenwald 

The <e temperature ” conductivity, represented by a 2 =fc/Dc, where D denotes 
the sp gr , and c the sp ht , was found by G Kirchhoff and G Hansemann to 
be for puddled steel with 0 13 per cent of carbon, a 2 — 0 1694r-0 00034 (0—15), and 
with 0 25 per cent of carbon, a 2 =0 1637-0 00027 (0—15) , and for Bessemer steel, 
a 2 =0 1148-0 00019 (0-15) 

P W Bridgman found the press coeff for the thermal conductivity to be 
—0 0 e 3 for press between 0° and 12,000 kgrms per sq cm For pressures up to 
12,000 kgrms per sq cm , P W Bridgman found a 0 3 per cent reduction in the 
thermal conductivity, so that the press coeff for the conductivity is —0 0 6 3 For 
loads m tension of 2050 and 1025 kgrms per sq cm , P W Bridgman found the 
percentage change of thermal conductivity to be respectively —0 534 and —0 32 , 
the proportional change of thermal conductivity, respectively —2 61XKM and 
—3 08 X 10-6 , and the proportional change of sp thermal conductivity, respectively 
—190x10”^ and 2 37 x 10 -6 A Johnstone found that stretching increased the 
thermal conductivity about 0 5 per cent for a tension of about 0 7 of the elastic 
limit, and when the tension was withdrawn the conductivity returned to its 
ongmal value H M Brown found that a longitudinal magnetic field of 10,000 
gausses decreased the thermal conductivity 1 14 per cent , and a transverse field 
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of 4000 gausses decreased it 0 4 per cent —wde infra, magnetic properties of iron 
0 Schwarz, A M Kuhlmann and A D Spillman, S Saito, E J Janitzky, C Bene 
dicks and co workers, and E Riedel investigated the distribution of the temp 
m the interior of masses of cooling steel 

The specific heat of iron was found by H Tomlinson 5 to be 0 11302 between 0° 
and 100° , J C Wilcke gave 0 126 , A Crawford, 0 1269 , W Irvine, 0 143 , 
P L Dulong and A T Petit, 0 1098 between 0° and 100° , 0 1150 between 0° and 
200° , 0 1218 between 0° and 300° , and 0 1255 between 0° and 350° , 
H Y Regnault gave 0 11352 between 19° and 98°, and 0 11380 at a red heat 
E Bede gave 0 1123 between 15° and 100° , 0 1153 between 16° and 142° , and 
0 1233 between 20° and 274° L Lorenz gave 0 1050 at 0°, 0 1107 at 50°, and 
0 1136 at 75° , A Naccan, 0 1091 at 15°, 0 1151 at 100°, 0 1249 at 200°, and 0 1376 
at 300° T Pionchon gave 0 17654 at 500°, 0 32431 at 700°, 0 218 between 720° 
and 1000°, and 0 19887 between 1000° and 2000° E Gruneisen gave c p = 0 0851 
between —190° and 17°, and c p = 0 112 between 17° and 100° The sp ht of iron 
increases rapidly with a rise of temp , and the metal undergoes a change between 
660° and 720°, since the sp ht at 700° is greater than it is at 720° W N Hartley 
gave 0 213 for the sp ht between 750° and 1000°, 0 218 between 954° and 1006°, 
and 0 19887 between 1050° and 1700° P Oberhoffer said that the mean sp ht 
of iron increases from 0 1221 at 250° to 0 1675 at 750° and then remains practically 
constant up to 500° O Byrstrom gave for the sp ht of purified iron 

0 50 100 ° 150 ° 200 ° 250 300 

Iron 0 111641 0 112359 0 113795 0 115950 0 118821 0 122410 0 126719 

P L Dulong and A T Petit represented the efiect of temp on the true sp ht 
by 0 1062+0 O 4 560+O O^fl 2 , and on the mean sp ht by 0 1062+0 O 4 280+O O 7 80 2 
O Byrstrom, on the true sp ht by 0 11164+0 0 5 718^9+0 O e 14360 2 , and on the 
mean sp ht between 0° and 660°, J Pionchon gave 0 11012+0 O 4 250+O O 7 5470 2 , 
between 660° and 720°, 0 57803+) 0014360+0 O 6 11950 2 , between 720° and 
1000°, 0 218-390-1 , and between 1050° and 1160°, 0 19887-23 440~i W A Roth 
and W Bertram gave for the sp ht , c, of a-iron up to 720°, c=0 1060+0 0 4 6003 
(0—20) , and foT the true at ht 

100 200 300 400 ° 500 ° 600 700 

C 6 46 7 13 7 80 8 47 9 14 9 81 10 48 

J A Harker found the mean sp ht of iron — containmg 0 01 per cent of carbon, 
0 02 per cent silicon, 0 03 per cent sulphur, and 0 04 per cent phosphorus — 
between 0° and 

200 500 750 ° 850 ° 900 1050 ° 1100 ° 

c 0 1175 0 1338 0 1537 0 1647 0 1644 0 1512 0 1534 

G — 7 47 8 58 9 20 9 18 8 44 8 57 

W Jaeger and H Diesselhorst gave 0 1054 for the sp ht of iron at 18°, and 0 1185 
at 100° , P Schubel, 0 1096 between 18° and 100°, 0 1201 between 18° and 300°, 
and 0 1351 between 18° and 600° , and W A Tilden, 0 10983 between 17° and 100° , 
and H SchimpfE, 0 1098 between 17° and 100° 

H A Jones and co-workers represented the at ht at*T° K by O p = 439 
+0 00405T W H Dearden found the sp ht of iron — with 0 04 per cent of 
carbon, 0 006, S, 0006, Si, and 0 069, P — to rise from 0 0852 at 17° to a maximum 
0 1942 at 108°, and then to fall to about 0 12 in the range of 150° to 200°, and it 
thmi rises again This has not been confirmed The high value at about 110° is 
sard to correspond with other abnormalities, sonorousness, resistance, and me- 
chajncal properties E Lecher reported a maximum, at about 740° H Klinkhardt 
Sound the Ag-arrest approximates to 760° with a step-down of rather more than 
cals per gram-atom per degree He gave for the minimum value approximately 
per gram-atom per degree for jS-iron, and 8 6 for y-iron Observations 



IRON 


151 


were made by J B Austin, F K Bailey, L P Bates, A I Brodsky, H Klink- 
hardt, F Morawe, J P Shadgen, N Stucker, and M Stupakoff For W Gerlach’s 
curve of the temp coeff of the sp ht , mde infra , the electrical resistance of iron 
P Weiss and co-workers investigated the heat changes which occur through 
the ranges where iron is losing its magnetization, and they found that the sp ht 
increased to a maximum as the substance approached the Curie point , there was 
then an abrupt drop in the curve to a low value characteristic of paramagnetic 
substances The magnetic transformation is thus associated with a comparatively 
large change m the internal energy, which is manifested by the excess of sp ht 
over what was normally expected This excess falls off with d iminishin g temp 
below the Curie point, but it is still sensible at room temp so that it alters the 
shape of the sp ht curve P Weiss and P N Beck gave 

170 202 7 453 ° 598 711 ° 753 777 7 806 844 3 873 7 ° 

c 0 1012 0 1168 0 1458 0 1756 0 2185 0 3136 0 2280 0 2179 0 2206 0 2503 

P Wust and co workers obtained confirmatory results, but they smoothed their 
curve so that the deviations were either eliminated or averaged F Wust and 
co workers gave for the mean sp ht of purified iron, 0 10545+0 O 4 56840 between 
0° and 725°, 0 1592-1 630-1 between 785° and 919°, 0 14472+18 310-1+0 O 7 50 
between 919° and 1404 5° , 0 21416-77 180- 1 between 1404 5° and 1528° , and 
0 15012+70 O30- 1 between 1528° and 1600° For the sp ht , they also gave 
0 10545+0 000113680 between 0° and 725° , and 0 14472+0 O 6 1O0 between 919° 
and 1404 5 R Durrer gave the sp ht , c, and the at ht , C, of electrolytic iron, 
between 0° and 

Solid Molten 

/ * S , * v 

725 785 918 920 1404 1405 1528 1528 1600 

c 0 1467 0 1671 0 1574 0 1647 0 1578 0 1592 0 1637 0 1959 0 1939 

O 8 19 8 77 8 79 9 20 8 81 8 89 9 14 10 94 10 83 

Discontinuities m the curve at 1404° and 919° correspond with the A 4 - and 

A 3 -arrests, respectively The character of the curve at the A 2 arrest between 725° 
and 785° is different from the others, and it is attributed to the reversible trans- 
formation a-Fe^/3-Fe S Ummo found the mean and true sp hts of iron with 
0 04 per cent of carbon to be 



100 

200 ° 

400 

600 

700 ° 

750 

800 

850 

Mean 

0 1102 

0 1133 

0 1226 

0 1347 

0 1436 

0 1494 

0 1578 

0 1645 

True 

0 113 

0 121 

0 144 

0 178 

0 215 

0 251 

0 273 

0 262 


900 ° 

1100 

1200 

1300 

1400 

1500 

1570 

1630 

Mean 

0 1682 

0 1699 

0 1696 

01698 

0 1725 

0 1726 

0 1570 

0 1630 

True 

0 170 

0 176 

0 180 

0 182 

0 186 

0188 

0 222 

0 222 


The abnormal values for the true sp ht , m the range of the ferromagnetic change, 
are shown up by the curves The sp ht of the molten metal does not change in 
the range of temp examined S Ummo measured the sp ht of electrolytic iron, 
and obtained for the true sp ht , c 

850 ° 900 950 ° 1000 1200 1350 ° 1450 1500 1560 

c 0 185 0 185 0 161 0 163 0 172 0 179 0 185 0 185 0 194 

The results are plotted in Fig 242, along with values for the mean sp ht There 
are abrupt changes at the A 3 - and A 4 arrests, and at the m p In the other ranges 
of temp , the sp ht increases linearly with temp Above the A 2 -point, the sp ht 
re ma i ns constant until the A 3 point is reached, when there is a discontinuous 
decrease, but afterwards, an increase with rise of temp up to the Appoint, where 
a discontinuous increase again occurs, and then remains constant During fusion 
there is a marked increase The two portions of the true sp ht curve, lying above 
and below the curve for y iron, probably fall on the same straight line A Mallock 
observed no discontinuity in the sp ht between 1400° and 1500°, but the sp ht 
at ordinary temp is about three times as great as it is above the recalescence point 
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J Maydel gave for the at ht , -4=8 803-988 9(0+33 0)- 1 A Eucken and 
H Werth gave for the at htfl at constant vol and constant press , and for 0 
the characteristic temp m Debye s function — 1 13, 15— for electrolytic iron * 

T° K 16 90° 26 80° 40 00° 84 00° 100 90° 148 52 J 180 04° 205 w* 

Cp 0 03732 0 1125 0 3673 2 182 3 200 4 112 5 015 g 

Cv 0 03732 0 1125 0 3673 2 178 1 189 4 286 4 970 5 1 S9 

0 392 431 430 420 417 195 368 350 

F M Jager gave 5 89 Cals for the at ht of a-non at 0° , 21 0 Cals at 756° 

8 89 Cals at 790° (j8-iron), and it remains constant at 8 086 Cals b( tween 919° and 
1200° , at 1404 5° it becomes about 12 Cals , mol quickly falls to 8 382 Cals (8 iron), 
which value it retains up to the m p 



Fig 242 — The Specific Heats of Iron (0 04 poi 
cent of Carbon) and of Cast Iron (4 12 per cent 
of Carbon) 


bi< 213 - The Elfoct of 
I cmporatuio on the Specific 
Heat of Iron 


an/flrtOQQMk ? el ° W „ U Belm S ave 0 0721 between -186° and -79°, 

Si S2 and 18 • P 00697 at -135°, 0 1001 at -38°, 

20^°T° 6 w at p 2 \’ ? N j+r T an ? A L Bernoulll > 0 095 between -185° and 
T TW nnSSW* and IJ 0 Jackson ’ 00869 between 20° and -188°, and 
to °J p n T r? 63 a JJ d ~ 196 ° ® H and E Griffiths’ results down 

to Am , and P Gunther s for stiE lower temp , are as follow 

i sir «r °i“ fr ( oZ «'»>™ »“« «« 

6 02 6 84 6 36 3 47 0 98 0 326 0 244 0 162 

md 0 09 fi °t bU tTc d J Michalek gave 0 0326 at -200 2° , 0 0491 at -182 7° , 
between 9 ^? 9 nk ao nd M f a ^ akan ?’ 0 1133 between 30° and 172 3° , 0 1148 
sp ht were nkn m A v ^ etween 00° and 260° Observations on 



Fi* 244-— The True Specific 
Heat of Iron 


Fig 245 — The Thermal 
Capacity of Iron 


tibennaL capacity d^iron^are ? n m arL ™ tke resuB;s for the sp ht and the 

eapaeny ot non are summarized m Figs 244, 245 The sp ht rises 
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from absolute zero and, as ordinary temp is approached, it turns off to a horizontal 
asymptote as m the case of most substances The effect of the magnetic com- 
ponent of the sp ht now appears bending the sp ht curve upward until a peak 
is reached where the magnetic change proceeds for test After the Curie point, 
A 2 , is reached, the sp ht of paramagnetic a iron, % e fi iron, is nearly constant, 
and then abruptly changes at the A 3 -arrest and remains nearly constant m the 
range of stability of y-iron There is another break at the A 4 -arrest as S-iron is 
formed, and, according to P Oberhoffer and W Grosse, the value for S-iron is a 
continuation of the curve for normal a iron There is another break at the m p , 
and the sp ht of molten iron then remains constant The thermal capacity curve, 
Fig 245, explains itself A gram of cold iron requires 252 3 cals to bring it to the 
m p , and 317 2 cals to produce a gram of liquid iron from cold iron , and it also 
follows that at the b p of iron, it requires 613 6 cals to produce a gram of liquid 
iron at the b p , or 2403 6 cals to produce a gram of iron gas at its bp It is assumed 
that the &p ht of molten iron is constant 0 176, and that the latent heat of vaporiza- 
tion is near 100 Cals per gram atom The thermal capacity curve for ferro- 
magnetic a iron rs not a straight line, but rather a curve of increasing slope which 
culminates m the A 2 -arrest The energy required to raise the temp is expended 
m increasing the theimal motions of atoms or groups of atoms m the space lattice, 
m increasing the distance between the atoms m the space-lattice, m overcoming 
the tendency of the atoms to orient themselves magnetically, and m electronic 
displacements 

P Weiss, on the basis of his theory of an internal field, showed that a ferro- 
magnetic substance should exhibit characteristic changes m the neighbourhood of 
its magnetic critical point The argument runs somewhat as follows 

The magnetic energy pox c c of a fenomagnetic substance is — — \£Ll, where I is 
the intensity of magnetization, and H is the molecular field It is assumed that H ~nl, 
wheie n is a constant dependent on the nature of the material Hence W and 

dW /dt~ —$nd{l z )ld r I\ where T is the temp d W[dt will contribute to the sp heat of the 
substance which will become equal to 1 (1 ]pJ)[dW jdl), where 8 denotes the sp ht 
neglecting the magnetic contribution , S, the total sp ht , p, the density , and J, the 
mechanical eq of heat Consequently, S~8 — (nl2pJ)d(I 2 )[dT 

From the shape of the magnetization temperature curves, P Weiss concluded 
that the sp ht should rise to a maximum at the critical temp , and then decrease 
discontmuously owing to the disappearance of the magnetic term The results 
of observations with iron found by P Weiss and ^-workers, A Piccard and 
A Carrard, were not wholly m agreement with the theory The best results were 
obtained with nickel, but the observations of W Sucksmith and H H Potter with 
Heusler’s alloy and with nickel were not in agreement with P Weiss’ theory of the 
sp ht of ferromagnetic substances Similarly with L F Bates’ observations with 
manganese arsenide 

A Wemhold gave for the sp ht of wrought iron, between 0° 2 and 
0°i, c = 0 105907 f- 0 OOOO3269(0 2 -0 i) + 0 O 7 22159(0 2 - 0 1 )2 + 0 O 3 11O795(0 2 - 0 1 ) 3 , 
A Naccan, c^-0 10440+0 00010750, and E B&de, c=0 1053+0 0000710 
H V Regnault found for hardened steel of sp gr 7 7982, 0 1175 between ordmary 
temp and 100°, and for annealed steel of sp gr 7 8609, 0 1165 C Chappell and 
M Levin observed no difference, within the limits of experimental error, between 
the sp ht of cold drawn metals, before and after annealing The sp ht of mild 
steel was 0 1117 to 0 1120, and that of hard steel 0 1132 to 0 1134 m the two con- 
ditions respectively 0 Byrstrom’s values for the sp hts of cast non and of 
cast steel are 

0 ° 50 ° 100 ° 150 200 250 300 

Cast steel 0 11782 0 11850 0 11986 0 12190 0 12462 0 12802 0 13211 

Cast iron 0 12768 0 12830 0 12954 0 13140 0 13388 0 13698 0 14070 

0 Petterson and E Hedelius gave for wrought iron 0 108079 between 4° and 27° 
H V Regnault gave 0 12983 for white cast iron, 0 12728 for cast iron, and 0 11848 
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for oast steel W Schmidt found the sp ht of pig iron with approximately the 
eutectic proportion, 4 35 per cent of carbon, was 0 3136 between 1175° and 1275°, 
and 0 3216 from 1275° to 1375° S Umino found the mean and true sp hts of 
cast iron with 4 12 per cent of carbon to have the values 


Mean 

True 

100 

01308 

0 131 

200 

01341 

0139 

400° 

0 1400 

0 159 

500° 

0 1417 

0 172 

600 

0 1482 

0 187 

700° 

0 1542 

0 207 

800° 

0 1679 

0 194 

900 

01712 

0198 

Mean 

Jrue 

1000 

0 1748 

0 202 

1050° 

0 177 -3 

1100 

0 1776 

0 207 

1L50 0 

0 1791 

1200 

0 2191 

0 215 

1250° 

0 2188 

0 215 

1300 

0 2185 

1350 

0 2185 
0 215 


W Brown found an increase m the sp ht of iron with 0 0089 per cent of carbon , 
and for steels with about 0 1 pel cent of silicon, 0 14 to 0 32 per cent of manganese, 
and 


Carbon 0 028 0 05 0 14 0 89 1 23 per cent 

Sp ht 0 1134 0 1136 0 1144 0 1192 0 1234 

whilst for steels with about 0 48 per cent of silicon, 0 58 per cent of manganese, 
and 0 58, 1 00, and 1 25 per cent of carbon, the sp hts were respectively 0 1170, 

0 1220, and 0 1225 While A Meuthen found breaks at 1 0 per cent of carbon m 
the curves for the sp ht of steels with different proportions of carbon, M Levin 
and H Schottky obtained only a linear relation K Honda gave for forged and 
annealed steels between 20° and 150° 

Carbon 0 00 0 10 0 20 0 50 0 70 0 89 111 1 29 1 48 per cent 

Forged 0 1126 0 1135 0 1145 0 1179 0 1195 0 1219 0 1225 0 1230 0 1233 

Annealed — 0 1131 0 1129 0 1144 0 1167 0 1187 0 1190 0 1197 0 1212 

for quenched steel, 0 1188 , and when annealed, 0 1176 , and for cast iron, 0 1371 

when cast , annealed at 670° for 5 nuns , 0 1345 , for 10 mins , 0 1316 , and for 
60 nuns , 0 1158 

The sp ht of steel should be the sum of the sp hts of the contained ferrite 
and cementite, so that the relation between the percentage of carbon and the 
sp ht should he linear A Meuthen, however, found that the curve between 
0° and 700° consists of two straight lines mtersectmg at the eutectoid composition 
G Tammann said that this peculiarity is due to a difference m the size of the 
cementite grains M Levin and H Schottky observed that with annealed steels 
there is a linear relation between the sp ht and the carbon concentration at room 
temp as well as at temp below the A r point K Honda showed that the sp ht 
of iron is not a linear function of the proportion of carbon, but is modified by the 
presence of stresses The decrease m the sp ht of quenched steels produced by a 
prolonged annealing at 650° is partly due to the release of the stram, and partly 
to the decomposition of the cementite during the annealing A high degree of strain 
m a metal is accompanied by an internal or a molecular disorder, which is equivalent 
to a small degree of freedom, and hence causes an increase in the sp ht 

The sp ht of cementite has been worked out by S Umin o, who found the true 
sp ht , c„, and the mol ht , G py to be 

0 200° 220 300° 500 600° 700° 800 900° 

C P 1475 0 1495 0 14:97 0 1^25 0 1660 0 1785 0 1925 0 2100 0 2264 

Op 26 9 515 100 4(17 9) 21 1 29 6 35 9 37 7 — — 

The results were plotted as a smoothed curve by S Umin o, but O C Ralston 
wiowed that the curve has the form shown in Pig 246, where the break is the 
Ag-arrest, that is, the temp of magnetic transformation, or the Curie point of 
cementite Obviously, m determining the sp ht of steels at elevated temp by 
quenching, the hot metal in the liquid of the calorimeter may alter the nature of the 
conmatuente If quenched from below 720°, the thermal capacity will be a function 
toe carbon-content, hut if quenched m the calorimeter from higher temp the 
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thermal capacity will be a function of the proportion of austenite, martensite, 
troostite, sorbite, or pearlite The energy changes involved m passing from 
austenite to martensite, and fiom martensite to pearlite have been studied by 
N Yamada, S Umino, and A Meuthen — vide infra S Ummo’s values for the 
sp ht of electrolytic iron and different steels are shown m Fig 247 

E Gruneisen found the effect of pressure, p, on the sp ht , c v > of iron to be 
dc p lcpdp=— 0 0 6 41, and dv/vdp — 0 0 e 60 J Eussner, B V Hill, and J E Ash- 
worth discussed the relation between the thermal and magnetic constants of iron , 
E Gruneisen and E Goens, the sp ht and sp resistance — vide infra , electrical 
resistance , and J Eussner, and A H Stuart, the relation between the sp ht 
and the mechanical constants According to J Stefan, and A Wassmuth, the sp 
ht of magnetized iron is greater than that of unmagnetized iron J W Bichards, 
and J Maydel discussed some relationships of the sp ht , and K Forsterlmg, 
the relationship between the lattice energy and the sp ht ED Eastman and 
co workers calculated C p C v — 0 10 Cal per degree per mol 




Fxa 246 — The Specific Heat 
of Cementito 


Fig 247 — Mean Specific Heat Curves of 
Iron and Steel at Different Temperatures 


Amongst the older determinations of the melting-point of iron there is one by 
L B G de Morveau 6 at 175° on the Wedgwood scale, and one by G S Mackenzie 
at 158° on the same scale J F Darnell gave 1587° , C S M Pouillet, 1500° , 
T Carnelley, 1804° , E Pictet, 1600° , F Osmond, 1520° , and W C Eoberts- 
Austen, 1600° W E Mott gave 1507° for the m p of iron , C Brisker, 1500° , 
F Wust and co-workers, 1528° , S Ummo, 1535° , P Oberhoffer and W Grosse, 
1528° , H C H Carpenter and B F E Keeling, 1505° , A Muller, 1485° to 1525° 
on the heating curve, and 1505° to 1485° on the cooling curve For purified iron, 
B Saklatwalla gave 1510° , H Harkort, 1501°, and 1504° , D Hanson and 
J E Freeman, and E M Terry, 1530°, E Sahmen, 1532° , AGO Gwyer,1515°, 
E Euer and E Schutz, 1502° , E Isaac and G Tammann, 1524° to 1527° , 
W Guertler and G Tammann, 1492° , 0 Benedicks and co-workers, 1525° , and 
when 0 1 per cent of carbon is present, 1480° , E Euer and K Klesper, and 
E Euer and F Goerens, 1528° , J H Andrew and D Bmnie, 1537° , F S Tntton 
andD Hanson, 1535° ±5°, K Honda andH Endo, 1530°, W Gontermann, 1525° , 
N S Konstantmoff, 1514° , G K Burgess, 1507° , G K Burgess and R G Wal- 
tenberg, 1533°, for electrolytic iron with 0 012 per cent of carbon, 0 072, H , 
0 013, Si, and 0 004, P C H M Jenkins and M L V Gayler gave 1527 ±3° 
for the m p of 99 98 to 99 99 per cent iron , this value is based on the assumption 
that the m p of palladium is 1555°, and that of gold, 1063° The observation of 
H C H Carpenter and B F E Keeling is based on the m p of platinum, 1710 , 
more recent determinations place the m p of platinum 45° to 65° above this value, 
and hence H C H Carpenter and B F E Keeling’s value should probably be 
20° to 30° above 1505° L I Dana and P D Foote, and W Guertler and M^ Piram 
gave for the best representative value, 1530° , H C H Carpenter, 1505° , and 
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0 C Ralston, 1537° A Mallock studied this subject T Carnelley discussed the 
relation between the m p and the coeff of thermal expansion , W Crossley, the 
relation between the m p and the at vol , K Honda and H Masumoto, and 
L P Sieg, the relation between the elastic constants and the m p , and G Moressee, 
the relation between the m p , the at wt , and the latent heat of fusion 

The liquidus and solidus curves for iron and carbon alloys were measured by 
H C H Carpenter and B F E Keeling, R Ruer and R Klesper, S Kaya, 
R Moldenke, J H Andrew and D Bmnie, and K Honda and H Endo — vide 
supra , the equilibrium diagrams R A Hadfield gave 1135° for the mp of 
Swedish iron with 4 per cent of carbon , 1220° for grey foundry iron with 3 5 per 
cent of carbon (1 75 per cent Si, and 0 5 per cent P) , 1410° for stetl with 0 90 per 
cent of carbon, 1453° for steel with 0 30 per cent of carbon, and 1475° for 
steel with 0 10 per cent of carbon E Widawskv and F Sauer wald gave for the 
liquidus temp of the iron carbon alloys 

Carbon 00 05 10 15 20 25 30 35 40 45 per cent 

Liquidus 1533° 1480° 1458° 1422° 1382 1341° 3290° 1232° 1170° 1150° 


W Schmidt said that temp discontinuities at T° K m the various physical 
properties of iron conform with the relation T~nT m lm , where T m , the m p of 
iron, is taken as 1803° K , m— 14, and n is an integer less than 14 The effect of 
press on the m p obtained by Clapeyron’s equation — 1 6, 4 — for dv ~ 0 2735 c c , 
and one atm press , is dT— 0 00330, meanmg that the change m the m p is 0 0033° 
per atm , or 1° per 300 atm The effect of press on the A a ~ and A 4 arrests has been 
previously discussed Z Herrmann studied the energy at the m p , and E Kordes 
gave 1 52 for the entropy change on melting 

Most metals pass abruptly from the solid to the liquid state, and arc m some 
cases brittle and easily pulverized near the temp of incipient fusion, and even if 
there is a temp at which the metal becomes viscid before melting, the range between 
that temp and the m p is very narrow Ordinary iron is remarkable m developing 
a viscid character through a considerable range of temp below its m p Thus, at 
a bright red-heat, the iron is soft enough to be forged , and at a white heat, it is so 
pasty that two pieces when pressed together unite intimately and firmly, as also m 
the operation of welding Platinum, like iron, is a weldable metal T Scheerer 
said that if the iron be quite free from carbon, or nearly so, it can, only be lm 
perfectly welded, and even that with great difficulty , he considered that the 
carbon is necessary to prevent the formation of a layer of oxide on the surface, 
which prevents adhesion J Percy questions the fact and the explanation The 
welding may be effected by the extrusion of the melted scale, but if the scale be notT" 
liquid the iron will not weld T Wrightson compared the phenomenon of welding 
in iron to the regelation of ice Wrought iron at a welding temp possesses the 
same property of cooling under pressure as exists with freezing water, and on 
which Hie accepted theory of regelation depends The process of melting together, 
and the process of weldmg differ m that the latter occurs at a temp much below 
the mp As m the case of the regelation of ice, the property of weldmg m iron 
depends upon a critical condition existing over a limited range of temp between 
Hie nmlten and the plastic state T Turner discussed the semi-fluid state of iron 
F J R Carulla noted that the interior of a block of mild steel may be raised to the 
fusing point whilst the extenor remains solid, and if the surface be pierced the 
molten intenor can be drained off leaving an empty shell G J Snelus thought 
e n S ^ aC f tad become decarbunzed by air R Wright and R C Smith, 

~ found that reduced iron sinters at 750° to 850°, and precipitated 

l 50 > *& d B Garre showed that at about 700° the metal diffuses from 
J 31 sobd state 80 that the tensile strength of iron powder, 
a 3000 kgrms per sq cm , is raised from 10 to 19 4 kgrms per sq mm 

smtenng of powdered “ on was studied by 



IRON 


157 


According to R Hare, 7 if an electric current be passed by means of charcoal 
points through iron, m vacuo, there is formed a quantity of the vapour of iron 
which bums with a flash on admitting air, and deposits a yellow film on the glass 
H Pellat said that steel acts on a photographic plate even when separated by a 
sheet of cardboard, but not when separated by a sheet of glass , the action is 
attributed to the volatilization of the metal at ordinary temp R Colson obtained 
negative results with iron Possibly the effect was due to the escape of occluded 
reducing gases W Crookes said that the comparative volatility of electrically 
heated wires of iron is 5 50 when that of gold is 100 According to A Knocke, the 
volatilization of iron is sufficiently great to be detected at 755° m vacuo 
G W C Kaye and D Ewen found that when iron is heated to 950° m an inert 
atm , particles are emitted at right-angles to the surface, leaving the surface etched 
and pitted The effect is distinct from volatilization E Botolfsen found that 
iron can be sublimed m a high vacuum at temp below its m p The effect is 
independent of the origin of the iron and of the presence of certain substances likely 
to act as catalysts, and at 1300° its rate is of the order of 0 07 per cent per hr The 
sublimate takes the form of a thick deposit of metallic crystals, and is almost pure 
J W Mellor has noticed a similar effect on the surface of glass and vitreous porcelain 
if heated rapidly , m this case the effect is probably a mechanical disintegration 
produced by occluded gases O Ruff and W Bormann gave 2450° for the boiling- 
point of iron, H A Jones and co workers, 3202°, O P Watts, 2600°, H 0 Green- 
wood, 2723° to 2925° , E Mack and co workers, 2723° , and W R Mott, 3000° 
H Moissan found that iron can be readily volatilized m the electric arc furnace 
A sublimate or distillate of iron can be obtained as a grey powder mixed with 
brilliant mallbable scales The distillation of iron by this process is difficult owing 
to the violent frothing produced by occluded gases O Ruff and co-workers 
studied the b p of soln saturated with carbon H A Jones and co workers gave 
for the rate of evaporation, m, of iron, log 10 m=40 231/4 577— (86350+240)/4 577T 
-(0 971/4 577)log lo 2 T -0 00203T/4 577-2675/(4 577x3475) , and for the vapour 
pressure, p mm , log 10 p =. 40 231/4 977 + 3 486 - 2675/(4 577 x 1808) - (86350 
+240)/4 577 1 7 - (0 971-0 5)log io T-0 00203T/4 577 , or 

T° K 600 J 1000’ 1500’ 2000’ 2600 J 3000 3600° 

p 2 48 / 10 20 1 76X 10 7 3 00 ^ 10“ 1 1 9x10 3 5x10* 22x10* 1 0x10* 

H C Greenwood estimated a vap press of 760 mm at 2450° J Johnston gave 
forthevap press log^=— 17000T— 1+9 10 , and R W Millar, p mm , of liquid 
iron, log j?=l 7151 log T- 18440T" 1 +14 221 , and for the b p at different press 

p 760 500 300 100 50 10 1 0 1 ram 

B p 3235 3097 2930 2670 2520 2225 1900 1655 

L E Gruner 8 gave for the heat of fusion of white cast iron 32 to 34 cals per 
gram, or 1 8 to 1 9 Cals per gram atom , and for grey cast iron, 23 cals per gram, 
or 1 3 Cals per gram-atom For purified iron, at 1528°, F Wust and co-workers 
gave 49 4 cals per gram, or 2 75 Cals per gram atom , R Durrer, 49 35 cals per 
gram , Y Chu Phay, 66 4 cals , W Schmidt, 59 cals per gram, or 3 3 Cals per 
gram-atom , S Ummo, 65 65 cals , and P Oberhoffer and W Grosse, 64 38 cals 

0 Brisker based a calculation on assumptions as to the state of carbon m soln , 
and from the equation for the lowermg of the f p , obtained 31 6 cals per gram, or 

1 765 cals per gram atom, or when re calculated by O C Ralston, 57 50 cals per 
gram, or 3 210 cals per gram atom — the results are poor C P^ Yap calculated 
64 4 cals per gram for the heat of fusion of a iron, and 66 4 cals per gram for that 
of y iron The subject was discussed by E Kordes E Rabinowitsch and 
E Thilo gave for the heat of fusion, 012 volt , for the heat of vaporization, 4 09 volts 
and for the heat of sublimation at the m p , 4 21 volts when 1 volt=23 Cals 
N M H Lightfoot discussed the effect of the latent heat on the solidification of 
steel ingots , W Herz discussed the relation between the heat of fusion and the 
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•vibration frequency , and G Moressee, the theimodynamics of the latent heat of 
fusion If L denotes the m p at T m ° K , and A, the at wt , then L=ZT m °/A 
J Johnston gave 77,800 cals per mol for the heat of vaporization H C Green 
wood gave 88,900 to 94,300 cals per gram atom, and E Mack and co workers 
71,400 cals per gram-atom O C Ralston calculated 100,000 cils per gram’ 
atom, and obtained from Trouton’s rule, 77,000 cals per gram-atom H A Jones 
and co workers gave for the latent heat of vaporisation, 89,025 cals at about 1000° 
They gave LT ~^= 40 231-0 971 log 10 T-4 577 log 10 m-0 002032 , -240P-l 
The transformation points of iron are discussed elsewhere G Sirovich 9 found 
an arrest occurs at 370° where the supposed a r Fe changes into a 2 Fe — mde 
sup a, allotropes of non For the A 2 arrest where j8 Fe^a Fe, W C Roberts 
Austen gave 770° on the heating curve , H Harkort, 764° to 759° on the cooling 
curve, and 691° to 763° on the heating curve , A Muller, 765° to 774° on the heating 
curve, and 766° and 759° on the cooling curve , G Cliarpy, 730° on the cooling 
curve, and 740° on the heating curve , F Osmond, 780° on the cooling curve, and 
800° on the heating curve , H 0 H 0 irpenter and BIB Keeling, 790° on the 
cooling curve , R Sahmen, 840° on the heating, and 8Q0" on the cooling curves, 
R Ruer and E Schutz, 780° on the heating, and 773° on the cooling curves , E Isaac 
and G Tammann, 740° on the cooling curve , W Gontermann, 770° on the cooling 
curve , R Ruer and R Klesper, 769“ on the cooling and heating curves , A West 
gren and G Phragmen, 770° , and G K Burgess and J T Crowe gave 768° on the 
heating and cooling curves P Weiss and P N Beck gave 753° , P Weiss and 
co-workers, 784° , F Wust and co-workers, 755° , P OberhofEer and W Grosse, 
785° , S Umino, 820° to 825° , F Wever, and R Ruer and K Bode, 763° 
Observations were made by R Averdieck, A Mallock, and C H M Tenkms and 
M L V Gayler 


W C Roberts-Austen placed the A s 'point where y Fe#/J-Fe at 895° on the 
cooling curve , A Muller gave 894° on the cooling curve, and 917° on the heating 
curve, HCH Carpenter and B F E Keeling, 900° on the cooling curve , H Har 
kort, 888° to 875° on the coolmg curve, and 910° to 917° on the heating curve, 
Gr Charpy, 840° on the cooling curve, and 865° on the heating curve , F Osmond, 
880 on the coolmg curve, and 905° on the heating curve , R Sahmen, 888° on 
curve j E Isaac and O Tammann, 832° on the coolmg curve , 
W Gontermann, 852° on the coolmg curve , F Wever, 900° , G K Burgess 
and J J Crowe, 909° on the heatmg curve, and 898° on the cooling curve , and 
5 A ~; uer ® Vesper, 898° on the coolmg, and 906° on the heatmg curves 
iJusUnd co workers gave 919° , P Oberhoffer and W Grosse, 906° , 8 Umino, 
2®,’ 9030 > T Is hiwara, 890°, and K Honda and H Takagi, 

to 898 Observations were made by C H M Jenkins and M L V Gayler 
77 Qumney found that the time temp curve of single crystals falls about 4° below 
+ -L x> P°ly cr ystals, but the Ac 3 arrest is the same m both cases According 
to W Kosenham, of the work performed during the plastic deformation of a mild 
steel under tensile stresses, 10 per cent is dissipated as heat, and the remainder 
is expended m doing internal work , this work is assumed to involve a change of 
phase from the crystalline to the plastic state 

V i*** where 8 - Fe ^y- F e, R Ruer and R Klesper gave 1401°, 

ami ir ^ ^ Gont ™ m ’ ldl°, on the heatmg and cooling curves R Ruer 

’ D HaDsoa and J R Freeman, 1400° , P Weiss 

W T T Is ^ Waia ’ 1390 °. andE M Terry, 1406° Observations 
were made by G H M Jenkins and M L V Gayler 

CbMiSf and ^ S. 0er T’ G K Bur S ess and J J Crowe, E Maurer, and H le 
points and fK» oft efect' of the speed of heating and coolmg on the transition 

S’sid t^t f ° ttei 1115,1611068 W been P^ousJy described G Tam 

with oontraehrm 1T >+^ *Fe /J-form, which at 890° is transformed 

iitflriMv«»g o# ,^ 6 These transformations are reversible, and the 

wnoence of press on the transition temp may he calculated by aid of the formula, 
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dT/dp^ST/Rp In the transformation of the a into the 0-form, the value 
dT/dp — 0, that is, the temp of the transformation, is independent of the press 
At 770°, under a press of 12,000 kgrms per sq cm , the transition curves of the 
a mto the p form and of the p- into y form cut one another at a triple point, 
where a-, p , and y iron are m equilibrium Observations were made by H Hort 
and F K Bailey 9 

Lord Kelvin (W Thomson) pointed out that the theory of the mutual con- 
vertibility of heat and mechanical work in reversible operations when applied to 
these phenomena proves (i) that a piece of soft iron at a moderate or low red-heat, 
when drawn gently away from a magnet experiences a cooling effect, and when 
allowed to approach a magnet experiences a heating effect , that nickel and cobalt 
at high temp , within some definite range below that of melting copper, experience 
the same kind of effects when subjected to similar magnetic operations (n) That 
cobalt at ordinary atm temp , and at all temp upwards to its temp of maxi mum 
inductive capacity , experiences a cooling effect when allowed to approach a magnet 
slowly, and a heating effect when drawn away 

W C Koberts-Austen estimated 2 86 cals for the heat of transformation of 
y iron into p iron , and 1 00 Cal for £-iron into a iron , P N Laschtschenko gave 
5 cals per gram, or 0 28 Cal per gram-atom, for the former, and 6 1 cals per gram, 
or 0 38 Cal per gram atom, for the latter W Schneider gave 13 2 cals per gram 
for the heat of transformation of y-]ron into a iron, and said that the value decreases 
linearly with increasing proportions of carbon up to 6 68 per cent , when it disappears 
S Evershed calculated for a change at 700° an absorption of 4 5 cals per gram, 
at 770° to 810°, when a iron changes to ft iron with the loss of magnetism, an 
absorption of 1 4 cals per gram , at 919°, when ft iron changes toy iron, an absorp- 
tion of 6 7 cals per gram , at 1405°, when y iron changes to S-iron, an absorption 
of 1 9 cals per gram , and at 1528°, when solid iron becomes liquid, an absorption 
of 49 3 cals per gram 

CP Zap calculated 2 0 cals per gram for the heat of transformation of y iron 
to S iron , and Y Chu Phay, 2 2 cals per gram, and for a iron to y-iron, 5 5 cals 
per gram R Durrer found 6 56 cals per gram for the heat of transformation at 
the Ao arrest W A Roth and W Bertram gave 0 324 Cal per gram atom for 
the heat of the transformation at 750° Estimates of the heat of transformation 
at the A 2 -arrest were made by F Osmond, 1 3 cals per gram , A S Stansfield 
gave 1 0 cal , J Pionchon, 5 3 cals , F Wust and co-workers, and S Ummo, 
3 65 cals S Ummo gave 3 1 to 5 60 cals per gram for the heat of transformation 
at the A 3 point F Osmond gave 3 8 cals , A S Stansfield, 2 86 cals , F Wust 
and co workers, 6 56 cals , P Oberhoffer and W Grosse, 5 6 to 6 765 cals 
R Durrer, 6 67 cals , an# A Meuthen, 3 0 cals W Bertram gave 0 324 Cal 
per gram atom at 750° S Ummo gave 2 53 cals per gram for the heat of the 
A 4 -transformation , F Wust and co-workers, 1 94 cals , P Oberhoffer and 
W Grosse, 2 531, and R Durrer, 1 94 cals 

S Ummo gave for the heat of fusion of the eutectic, at 1135° with 4 25 per cent 
of carbon, 46 63 to 47 0 cals per gram of alloy W Schmidt gave 59 cals per 
gram for 4 35 per cent carbon The other beats of transformation are not unique 
S Ummo’s value for the Curie point, at A 0 , is 9 72 cals per gram of cementite at 
150° to 220° The following may tentatively be taken as the best representative 
values for the heats of transformation, Q cals per gram, of iron 

Aj Aj A 4 Mp Bp 

Q 3 65 50 25 65 0 1660 

The thermal changes during the transformations of the constituents of the 
iron-carbon alloys — N Yamada, and S Ummo studied the rapid quenching of 
steels in order to obtain the maximum amount of martensite with as little unde- 
composed austenite as possible The thermal capacity of the result represents the 
normal thermal capacity together with the energy involved m passing across the 
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lme from austenite to martensite The quenching prevents the formation of 
pearlite, so that the result is definite and is represented by the austenite-martensite 
curve, Fig 248 The martensite pearlite curve — vide supra , martensite— was 
obtained by quenching samples from the austenite field, tempering one at 500° 
whilst the other remained m the martensite condition, and heating them separately 
m a calorimeter at 350° to 400° The difference represented the heat of transforma 


tion of martensite to pearlite — excepting that hypereutectoid steels also contained 
austenite The hypereutectoid samples on the martensite pearlite lme were quenched 
from temp below the cementite solubility lme, whilst the hypereutectoid samples 
quenched from within the austenite field form an upward continuation of the 
hypoeutectoid martensite pearlite line The difference is supposed to represent the 
heat of precipitation of cementite from austenite , it is represented m Fig 248 
by the austenite cementite above the A\ curve The total thermal capacity curves 
m passing from A 3 down to A*, represent the heat involved m passing these points, 
which correspond with the A 3 +A 2 +austemte-martensite curve m the diagram Bv 
extrapolation to zero carbon, the A 3 heat is 12 cals per gram For hypereutectoid 

steels it corresponds with the austenite mar 
tensite transformation alone S Ummo also 
arranged for the austenite to be transformed 
into pearlite instead of martensite, and so ob 
tamed the austenite pearlite curve - vide supra , 
martensite Subtracting the martensite pear 
hte heats from the austenite pearlite heats 
gives the heats indicated m the austenite 
martensite curve — vide supra , martensite 
Eutectoidal steel, having 0 9 per cent of 
carbon, furnishes only one therm il anomaly as 
the austenite passes into 100 per cent pearlite 
At this temp the heat involved represents 
the transformation of austenite to a iron and 
cementite from the supersaturated solid soln 
of a iron plus the heat of the A 3 ~transformation 
By arranging for the y iron to have been trans 
formed into a iron, the heat of the austenite 
martensite transformation is eliminated, and 
- 0 04 08 !2 J6 20 24 * or kypceuteetoid steels, the heat involved is 

Percent of carbon proportional to the carbon or cementite content, 

Fig 248 —Heat Changes m the and represents the heat of precipitation of 
Transformations of Steels cementite from its soln m a iron, or, con 


versely, the heat of dissolution of cementite m 
a-iron — N Yamada gave 75 3 cals per gram of cementite, and S Ummo, 75 9 
cals The austenite pearlite curve also enables the heat of precipitation of 
cementite from y iron to be calculated — A Meuthen gave 118 5 cals per gram 
of cementite, and S Ummo, 120 cals N Yamada obtamed 83 6 cals for the 
heat of precipitation of cementite m hypereutectoid steels above the A* arrest 
This datum is intermediate between the values for a- and y iron, and it is 
taken to mean that, m quenching, from temp intermediate between Ai and the 
cementite solubility curve, some austemte survived, and only part was con 
verted into martensite The heat effects involved m the mild tempering of 
martensite to furnish atomically-displaced carbon — troostite — or, on further 
tempering, to furnish dispersed cementite — sorbite — and on further tempering, 
crystallized cementite — pearlite — are probably summated m the difference 
between the heats of the austemte-martensite and the austemte pearlite trans 
Vernations According to M Kawakami, the heat of precipitation of cementite 
feom a martensite is 3 7 cals per gram, and it is about half as large as is that 
from p-martensite 
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M Kawakami, assuming that there are two forms of martensite, a \nd B — 
vide supra— and that heating to 200° decomposes only the a form, leaving tin 
P f° Tm whlch squires for decomposition a temp of 370°, measured the heat involved, 
md obtained the results indicated m the mat tens Oe itoostite cnr\e, Fig 248 Tlu 
heat involved m tempering eutectoid steel at 200° is 3 7 cals per giam If troostitc 
is formed by the conversion of a super saturated solid soln of cementite in a-iron 
into atomically dispersed carbon m a iron, the heat effect is 410 cals per gram of 
carbon, or 4920 cals per gram-atom , but if troostite is cementite precipitated 
from a supersaturated solid soln m a iron, the heat effect is 27 4 cals per gram of 
cementite, or 4920 cals per mol O C Ralston summarized, m Table XXXVIII, 
the heat changes in eutectoidal steels with 0 9 per cent of carbon 


Table XXXVIII The Thermal Values of the Transformation in Etjtectoid 


Mctallograpluc change ( Supposed chemical change 


Heat liberated (m calories) 


per gram 
of pearlite 


per gram 
of cementite 


per mol of 
cementite 


Austenite-?- martensite 
Martensite-* troostite 
1 roostite-* pearlite 
Martensite-* pearlite 
Austenite-* pearlite 


Solution a Fe-* solution « Fe 
Solution a Fe-* a Fe-j- carbon 
a Fe+ carbon-* a Fe-+-Fe 3 C 
Solution a Fe-* a Fe-f Fe 8 C 
Solution y Fe-* a Fe+Fe 3 C 


59 
3 7 
62 
99 
15 8 


43 8 
27 4 
46 0 
73 0 
117 2 


7 870 
4 920 
8,260 
13 170 
21,040 


H Esser and W Grass gave for the austemte-^pearhte transformation, 21 22 
cals per gram, and R Averdieck, 22 54 cals A Meuthen’s value, 3 0 cals , for 
the pearlite transformation is rather low S Umino also calculated thermal values, 
m calories, for the A x , A 2 -, and A 3 -arrests, and obtamed 



1 kctrolytic iron 

0 040 

0 135 

0 270 

0 350 

0 770 

Ax 

0 00 

0 67 

2 40 

4 70 

6 00 

13 60 

A* 

3 63 

3 55 

3 50 

3 36 

3 23 

3 18 

A 3 

5 35 

5 00 

5 48 

3 66 

3 50 

0 80 


A Meuthen obtained for iron alone, A 2 =5 60 cals and A 3 =3 0 cals , and the 
results are nearly equivalent to a reversal of S Ummo’s results S Umino traced 
the A 2 transformation as far as 0 770 per cent of 
carbon , and he traced the effects of the magnetic 
component of the sp ht as low as 130° below the 
A 2 transformation, and a slight disturbance pro- 
bably occurs very much below this The extra- 
polation of the A 3 -arrest to 0 9 per cent carbon, 

100 per cent pearlite, gives zero for the thermal 
value of the A 3 transformation, whilst the A r trans- 
formation takes 15 95 cals The thermal value of 
the Ag-transformation is not added to that of the 
A x transformation, because the A 2 change is not a Fl °, x 2 * 9 7“ Tl i e Ther J n f l Values 
discontinuity m the thermal capacity curve, Fig ^rmatons^ ,and A * Trans 
249, but only a change of direction, for the sp ht 

is the change m the thermal capacity, Q, with temp 6 , namely, dQ[d0 According 
to A McCance, $= 3 2 cals is the mean value of the A 3 transformation Where 
the A 2 - and A 3 arrests are merged into one, and Q m denotes the energy of 
demagnetization, and A McCance calculated 




752° 

742° 

732 

716 

700° 

Qm 

0 23 

0 93 

2 10 

3 74 

4 95 cals 

Q' 

VOL XHI 

34 

4 1 

53 

69 

8 1 „ 
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The A 2 point for the steel with 0 77 per cent carbon is higher than the A 3 point, 
because the A§S line, Fig 249, crosses the Ag-line at about 0 6 per cent of carbon 
These results may all be regarded as fir<-t approximations to the truth in a verv 
difficult quest The subject was studied by F Stablem. and H Jager 

According to N Yamada, the heat of dissolution of carbon m iron, measured 
by the difference of the heat of dissolution of quenched and tempered carbon 
steels in molten alkali nitrate, is as follows 

Carbon 0 38 0 52 0 65 0 70 1 30 17 per cent 

Heat dissolution 43 62 80 82 14 4 196 calB 


and for the two last hypeieutectoid steels, quenched at 750°, the values were 
respectively 9 3 and 8 8 cals —wde Fig 250 This shows that the heat of dis 
solution of carbon m iron increases linearly with the 
contents of carbon m the steel, and amounts to 1130 
cals per gram of carbon or 75 3 cals per gram of 
cementite , and the mol ht of dissolution of carbon 
or cementite is then 13 6 Cals W Schneider gave 33 2 
cals per gram for the heat of solid soln of Fe s C in 
a iron 

E D Eastman, 10 and G N Lewis and co workers 
calculated the entropy of iron atoms by two different 
methods to be 6 5 to 7 0 cals per degree at 25° The 
subject was discussed by W Herz, K K Kelley, 
E D Kleeman, B Bruzs, and W M Latimer Some 
results calculated by W H Eodebush and J C Michalek, 
and O 0 Ealston from the results of plotting the true at ht against the natural 
logarithms of the absolute temp , gave for the entropy, m cals per gram 
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Fig 260 — Heats of Disso- 
lution of Carbon in Iron 
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O C Ealston calculated 66 74 units for the absolute entropy of cementite at 700°, 
and 31 94 units at 25°, he also gave for the relative entropy of cementite 

0 ° 100 200 220 ° 300 400 ° 600 700 720 ° 

Entropy 0 6 79 12 92 16 90 18 94 23 40 31 01 34 8 36 68 

J B Austin gave for the entropy, S , heat capacity, Q Cals for gram atom , and 
free energy, F } of a iron 



-273 1 ° 

-1231 

0 

100 

500 ° 

1000 ° 

1535 ° 

8 

0 

2 83 

6 10 

8 10 

13 72 

19 27 

22 88 

Q 

0 

290 

950 
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10280 
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JP 

0 
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-1455 

-5911 

-14251 

-25400 


and for y iron 



-2731 

-100 

0 

100 

500 

3000 8 

3500 

8 

0 

4 98 

7 90 

9 94 

15 60 

19 86 

22 92 

Q 

TGI 

0 
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1185 

1880 

6016 

9411 

14048 


960 

636 

-12 

-867 

- 6083 

-14911 

* -25630 


\ ^ 0 H Y ertil calcu l at ed for the entropy at the transition point a^y 

* ^ i tL > ca * s S rain & tom for a iron, and 18 59 cals per gram-atom for 
y-iron , and M Latimer and E M Buffington, values for the relative entropy 
01 ~ lons R Dallwitz- W egener discussed the free energy of the element 
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§ 20 Optical Properties of Iron and Iron-Carbon Alloys 

Powdered hod obtained by reducing the heated oxide m hydrogen at a com- 
paratively low temp , ib i powder which is dull grey or black m colour, and it 
acquireb a silver white lustre under the burnisher, u. cording to G Magnus’ if 
reduced at a bighei temp , the powder is gieyi«h-whitc J h ( Schroeder can 
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der Kolk found that the streak of iron on a biscuit tile is brownish, like that of 
graphite M Faraday said that thin films are dark brown by transparent light, 
and steel-grey by reflected light B Dessau obtained thm films which were grey 
in transmitted light , and G T Beilby, blue by reflected light A W Wright 
observed that a thm film of iron m transmitted light appears of a neutral tint with 
a faint brownish tinge, and E van Aubel, and L Houllevigue added that thm films 
deposited on glass by cathode spluttermg > or electrolysis, are transparent, and brown 
For layers 31 to 72/ijtt, thick, L Houllevigue found the transparency to be an 
exponential function of the thickness G le Bon observed that ordinary light 
contains waves, which he called la lumiere noire , which will traverse thin sheet 
iron and produce photographic effects G Govi found that films of red-hot iron 
up to 0 4 mm thickness are opaque C A Skinner and A Q Tool said that films 
obtained by rapid cathode spluttering appear deep black by reflected light, and 
yellowish brown by transmitted light , whereas those obtained more slowly have 
a metallic lustre, and are opaque G B Rizzo, and P Secchi discussed the colour 
of thm films , W C Sabme discussed the selective absorption of films of steel for 
ultra violet light W L Dudley found that the incandescent vapour is greenish- 
blue E M Peligot observed that the iron obtained by reducing the chloride m 
hydrogen is filamentous, compact, malleable, and is almost as white as silver 
J J Berzelius observed that wrought iron filings melted under ferrous oxide, m 
a luted fireclav crucible, furnish a button with crystalline fracture, greyish white 
m colour Electrodeposited iron, by E A Jacqum’s or R Bottger s processes, 
has a bright lustre, and, according to E Lenz, it has the colour of platinum after 
it has been heated in vacuo E F Durre discussed the colour and lustre of different 
varieties of iron, and also the fracture, and texture of the metal W Ramsay 
said that it seemed as if it were possible to see objects through a regular stream of 
the molten cast iron, and they appeared to be of a yellow colour, but the trans- 
parency of molten cast iron was denied by T Turner 

M White and F W Taylor gave for the colours of iron at high temperatures 
532°, dark blood-red, black red, incipient red, and rouge naissant , 566°, dark red, 
blood red, low red, and rouge sombre , 635°, dark cherry-red, incipient cherry red, 
and cerise naissant , 682°, medium cherry red , 746°, cherry-red, full red, and 
cerise , 835°, light cherry, bright cherry, scaling heat, light red, and cense clavr , 
899°, orange, salmon, free scaling heat, and orange foncee , 941°, light orange, 
light salmon, and orange clair , 996°, yellow , 1079°, light yellow , and 1205°, 
white, and blanc The results agree with those of H M Howe, but they differ 
from those C S M Pouillet obtained m 1836 

The crystalline characteristics have been previously described T Turner 
discussed the colour of the tarnish films of iron — vide infra , temper colours — and 
W Biltz, and J Meisenheimer, the colour of iron compounds 

H E J G du Bois and H Rubens 2 found the index ol refraction, fx, of 
precipitated iron to be for wave length, A 

A 4310 4860 5893 6440 6700 

P 2 05 2 43 2 72 3 06 3 12 


P A Ross gave 1 48 fox A=4500 , 1 85 for A=5893 , and 2 1 for A=6200, with 
electrolytic iron , and C Statescu, 2 182 for A=5880 Observations on the refrac 
tave index were also made by A Beer, A L Bernoulli, H E J G du Bois and 
a * Drude, P P Ingersoll, H Knoblauch, A Kundt, W Meier, 

a rl w? 1 ’ 4 D Shea, C A Skinner and A Q Tool, J T Tate, 

A y Pool, and W Voigt The refractive index for the X rays was measured by 

, , ^ ^ ms > aad A Winkelmann and R Straubel A Kundt 

i at 18 °> 20 °’ 102 °* aad 106 °> tte refractive indices were 

rasp ively 0 66, 1 92, 2 54, and 3 69 W Linmk and W LaschkareS measured 

the refractive index of steel and iron for X-rays C V Raman and K S Krish 
nan discussed the colour, intensity, and polarization of light diffracted through 



IRON 


171 


large angles by steel wedges and screens with polished edges A J Ferreira da 
Silva found that with iron salts, the atomic refraction of bivalent iron is 11 6, 
and of teivalent iron, 20 1 , for long waves, A Heydweiller gave 5 07 and 7 97 
respectively for bi- and ter valent iron , and A Hauke gave for the refraction 
equivalents, calculated from the refractive indices of aq soln of iron salts by the 
[a formula, and for bivalent and tervalent iron respectively 11 6 and 20 6, and by 
the formula, 4 75 and 5 83 respectively W J Pope gave 13 38 for the refrac- 
tion equivalent of bivalent iron, and 23 03 for tervalent iron , and J H Gladstone, 
respectively 11 6 and 19 4 The anomalous dispersion of iron was studied by 
S Albrecht, P Drude, H Giesler, A S King, J A Prms, L Puccianti, and W Voigt 
The double refraction of iron was discussed by H Behrens, and S Procopiu M Cau 
observed that thin films of iron, formed by the condensation of iron vapour, exhibit 
a birefringence accompanied by dichroism, the principal directions of which are 
parallel and perpendicular, respectively, to that of the original wire The effect 
ceases when the deposit is removed, and is due to the magnetic field of the heating 
current, m which the atoms of vapour tend to orient themselves m positions which 
are retained after deposition and are unaffected by a magnetic field placed parallel 
to the deposit The component of the vibration parallel to the axis is less absorbed 
than the normal component by the birefrmgent dichroic layers of iron In the 
middle of the spectrum, the dispersion is normal for the ellipticity, and abnormal 
for the rotation of the emergent vibration C Statescu gave for the extinction 
coefficient of electrolytic iron, k— 2 716 , A Kundt, ji— 1 52 for blue-light, [jl=1 73 
for white light, and /x— 1 81 for red-light , whilst A Pfluger gave /x=3 66 for red- 
light W Meier found for electrolytic iron, the following values for the mdex of 
refraction, jjl, the extinction coeff , k, and the percentage reflecting power, R 

A 2573 2740 2981 3255 3611 3982 4413 4678 6080 5893 6680 

H 1 01 0 95 0 92 0 99 1 04 1 17 1 28 1 34 1 38 1 51 1 70 

k 0 88 0 80 0 83 0 91 1 10 1 29 1 37 1 45 1 50 1 63 1 84 

R 16 2 14 4 16 0 17 4 22 4 26 7 27 7 29 2 30 2 32 6 36 2 

P Drude found for massive iron, A=5890, k— 320, ju=2 36, and 12=56 1 , and 
W W Coblentz gave for the reflecting power of massive iron for A=5000, 6000, 
7000, and 8000, 72=55 0, 57 5, 59 5, and 61 5 respectively He also gave 

A 05 10 20 30 50 70 80 9 0 n 

R 55 0 65 0 78 0 84 5 91 5 94 0 94 0 93 0 


I C Gardner, and F von Fragstem measured the reflecting power m the ultra- 
violet Observations on the optical constants of steel were made by A L Ber 
noulli, G Breithaupt, J Clavier, P Drude, F A Fahrenwald, P Gian, E Hagen 
and H Rubens, S Haughton, H Hauschild, R Henmg, E O Hulbert, L R Inger- 
soll, J Jamm, J T Littleton, M Luckiesh, W Meier, R S Minor, G Pfestorf, 
G Quincke, J T Tate, A Q Tool, and V S M van der Willigen The foPowmg 
is a selection from the results 
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M Chikaschige and D Uno measured the reflecting power of the iron-carbon 
alloys For alloys with the pearlitic structure — normalized at 1000°, and annealed 
at 700° — the reflecting powers with different spectral lines are indicated in Fig 251 
The fact that the curves are nearly parallel shows that the colour is independent 
of the proportion of carbon The dotted Imes, which merge into the continuous 
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lines of Fig 251, refer to martensite— normalized at 1000° and quenched m water 
from 800° Fig 252 shows the reflecting powers of a 0 9 per cent carbon steel 
normalized at 1000° , quenched at 800° m water at 20° , and then annealed at the 
temp indicated — 350° for troostite , 550° for sorbite , and 700° for pearlite The 
results show that the reflecting powers of the constituents decrease m the order 



Fig 251 — Reflecting Powers of Martensite (dotted) Fig 252 — The Effect of An 
and Pearlitic Iron Carbon Alloys nealing Temperature on the 

Reflecting Power of Steel 

martensite, troostite, sorbite, ferrite, and pearlite W Arkadicff studied the 
reflection of electromagnetic waves , E Gerold, the lustre of iron , and E Rupp, 
the optical properties of iron before and after exposure to hydrogen, nitrogen, and 
hydrogen sulphide , and W Bruch found that the optical properties indicated that 
cast iron is isotropic 

( W Meier, and G Jaffe calculated values for the optical constants based on the 
theory of electrons S Nakamura studied the relation between the optical c on 
stants and the permanent mechanical expansion of steel, J T Littleton, the 
relation between the optical constants and the carbon-content and heat treatment 
of steel , L R Ingersoll and J T Littleton, the optical constants of steel m the 
ultra-red, and G Jung, W H J Vernon, and H Freundlich and co workers, the 
relation between the optical constants and the tarnish colours 

Observations on the reflecting power of the visible rays were made by 
A L Bernoulli, P Drude, E 0 Hulbert, L R Ingersoll, J Jamm, S Rosch, 
R S Minor, G Qumcke, J T Tate, and A Q Tool , on the reflecting power of 
the ultra-violet rays, by R Hamer , on the reflecting power for the heat rays, by 
H Rubens and E F Nichols, and A Trowbridge , on the reflecting power for the 
ultra-red rays, by H Rubens and co workers, and L R Ingersoll and J T Littleton, 
the effect of temp on the reflecting power, by W R Grove, E Hagen and II Rubens, 
and R Sissmgh , on the reflecting power of iron under water, by J Conroy, and 
P Drude , and on the reflecting power of the active and passive forms of iron — 
mde infra , passive iron— by P Haber and F Goldschmidt, P Krassa, F J Micheli, 
and W J Muller and J Konigsberger A Gouy, W Wien, and C V Raman and 
K S Knshnan studied the reflection and diffraction colours of iron 

E Hagen and H Rubens measured the emissivity of steel for long waves, and 
they also measured the effect of temp on the emissivity Ac cording to H F Weber, 
heated iron begins to emit greyish light when the temp has risen to 377° or 378° , 
and for polished iron, R Emden gave 405° G Malander said that even at ordmary 
temp , hardened steel emits weak ultra violet rays C C Bidwell compared 
the apparent temp with the true black body temp of iron surfaces, and found that 
the relative emissivity of bright, clean iron, radiating freely into air, varied from as 
low as 28 per cent of that of a black body at 700°, through 30 per cent at 1300°, 
to 48 per cent at 1700° M Moller and co-workers found that the relative emissivity 
is 43 5 per cent for polished iron, and 80 per cent for an oxidized surface at 700° 
sr 1 10 ?I ® ^ Burgess and P D Foote also obtained a relative emissivitv of 

m to 85 per cent for an oxidized surf ico of iron at 700° to 1100° Optical ind 



IRON 


173 


total radiation p} rometero thus require corrections according as bright or oxidized 
surfaces of iron are involved Observations were made by E R Binkley, 
G R Greenslade, K Lubowsky, and A L Helfgott G Naeser, and R Hase 
measured the emissivity of liquid iron , H T Wensel and W F Roser found m 
measuring the temp of molten cast iron that there is a change m the emissivit} 
m the neighbourhood of 1375° from 0 7 to 0 4, and this is attributed to the formation 
of a film of oxide which renders a correction necessary m reading the temp with an 
optical pyrometer 

V A Suydam measured the total radiation energy of iron, and found, for 
r K , the following values of the energy E } in watts per sq cm 

Temp °K 696° 805° 915° 1083° 1180° 1233° 1303° 

E 0 2230 0 4362 0 7952 2 1810 3 3628 4 7000 7 880 
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He represented the results by Wien’s law, 2?=cT 5 , whore the constant c ranged from 
2 99 X 10~ 17 to 3 99 X 1CM 7 The press was 0 0002 mm The wave length of the 
maximu m energy, E, emitted from smooth, solid iron 
is shifted m the direction of the shorter wave-length 
as the absolute temp rises m accord with Wien’s 
law Matt, slag-free iron, emits the grey radiation 
approaching the black body condition as the temp 
rises The heat spectrum of liquid iron closely re- 
sembles that of the smooth metal with respect to 
energy and spectral distribution R Hase’s results 
are summarized m Fig 253 G R Greenslade studied 
the Radiation energy between 782° and 1312° The 
sub]ect has been discussed by C B Thwing, M Ka- 
hanowicz, I Langmuir, G Moressee, F Wamsler, 

A R Meyer, K Lubowsky, F Paschen, C P Ran- 
dolph and M J Overholser, Y Polak, E Schmidt, E Furthmann, C C Bidwell, 
and M Moller and co workers E Hagen and H Rubens measured the relation 
between the emissivity and the electrical conductivity , M Kahanowicz, the effect 
of a magnetic field, and of oxidation films on the emissivity , and H P Gurney, 
the relation between the emission and absorption of heat rays for different kinds 

° * iT En d e l l and H Hanemann 3 studied the polarization of light reflected from 
iron The magnetic rotation of the plane of polarized light by iron was dis- 
covered by J Kerr, and it is called the Kerr effect The phenomenon was studied 
byE van Aubel, S G Barker, H Behrens, H E J G duBois,M Cau,PD Eoote, 
L Houllevigue and co-workers, L R Ingersoll,A Kundt, J G Leathern, W Lobacn, 
P Martin, H Ollmer, B Pogany, and C Snow The gyromagnetic value of iron 
was studied by S J Barnett The so-called Faraday effect, that is, the rotation 
and elliptical polarization of light by passage through thm films of non m a 
magnetic field, was studied by J Bec^uerel and W Jde Haas, H Behrens, M Cau, 
J Dorfman, 0 J Gorter,W D Hams, E Hirsch, H R Hulme, L R Ingersoll, 
H Pontsky, R W Roberts and co-workers, C A Skinner and A Q Tool, O Snow, 
and W Voigt Luminescent iron vapour, or a precipitated film of non on glass 
produced in a magnetic field, emits polarized rays, and the phenomenon is called 
the Thomson effect It was studied by E Thomson, 4 0 J Lodge, and R Whyt- 

law-Gray and J B Speakman . , , . Ur 

Neither ferrous nor feme salts show a flame spectrum which is sufficiently 
characteristic for recognition tests There are lines which are feeble m the oxy- 
hydrogen flame, but which appear strengthened m the Bunsen flame G A Hem- 
salech and C de Watteville, 3 and C de Watteville found that the flame spectrum 
extends far into the ultra-violet J N Lockyer observed that in the oxy coal gas 
flame there are present a line and fluted band spectrum G A Hemsalech and 
C de Watteville observed that in the oxv-acetylene flame, there are present lmes 
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which appear m the oxy hydrogen, flame, and the strengthened lines of the Bunsen 
flame W N Hartley observed a series of lines, and a band between 554 and 
593 (ifjL m the oxy hydrogen flame, and J N Lock\ er and H E Goodson, and 
J Meumer observed that the lines m the oxy hydrogen flame can be arranged in three 
classes according as they are stronger, weaker, or of the same intensity as the lines 
of the arc spectrum G A Hemsalech, and A de Gramont found that m the 
mantle of the flame there are lmes at 3860, 4119, 4957 A , and m the cone there are 
the lmes 3936, 4119, and 4957 A , whilst there are triplets at 4046 and 4384 A which 
are intense m the cone and feeble m the mantle The subject was studied by 
A Gouy, R Eisenschitz and A Reis, and A Hagenbach and H Konen H Auer- 
bach observed numerous lmes m the Bunsen flame, and m the oxy-coal gas flame, 
but not m the coal gas flame with a blast of air , and M Adam, in the hydrogen 
flame J M Eder and E Valenta observed a band at 4400 A in the flame 
spectrum of feme chloride E N da C Andrade studied the spectra of iron m the 
flame of chlorine, bromine, and iodine The flame with chlorine is coloured yellow, 
due, it is supposed, to the presence of undissoeiated ferric chloride which is able to 
maintain its existence m the presence of an excess of chlorine A Mitscherlich 
examined the spectra produced by the vapours of ferric chloride and iodide m the 
hydrogen flame E L Nichols and H S Howes observed the spectrum of iron 
when a ferruginous bead of sodium pyrophosphate, or borax, is heated m hydrogen , 
and G D Livemg and J Dewar, T Hori, and S Kalandyk and co workers, when 
detonatmg gas is exploded m an iron tube A S King studied the spectrum of 
iron heated m the electric furnace and found that the result at 2400° agrees with 
the flame spectrum , but above 2400°, the spectrum resembles that of the low- 
voltage arc H Schuler observed that the vapour electrically excited shows lmes 
resembling that of the arc spectrum Observations were also made by E Carter 
and A S Kmg, and by G A Hemsalech 

When soln of the iron salts are sparked by the aid of a condenser, they give a 
complicated spark spectrum containing thousands of lines A Masson, D Alter, 
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Fig 254 — The Spark Spectrum of Iron 


and G Kirchhoff were among the first to study the spark spectrum of iron E For 
manek regarded the following as the more important hues m the simple spark 
spectrum of iron in the orange yellow, 6462, 6400, 6350, 6095, and 5916 , m the 
yellow, 5762, 5714, 5708, and 5614 , in the green, 5601, 5594, 5586, 5571, 5455, 
5444, 5429, 5370 (c, Fig 254), the triple lmes 5326, 5266, and 5232 (a, Fig 254), 
the pale green lmes 5192, 5168, 5139, and 5004 (§, Fig 254), and the stronger green 
lmes 4959, and 4923 (0, Fig 254) , the blue hnes 4891, and 4874 (£, Fig 254), 4531, 
4404, and 4382 (y, Fig 254), 4325 and 4307 (rj Fig 254), and, finally, 4271, and 4251 
The sets a (5326, 5266, and 5232), 0 (4959, and 4923), £ (4891, and 4874), andy (4404, 
and 4383) are said to be characteristic m the spectral detection of iron A de 
Gramont gave as characteristic of iron and ferruginous minerals the lmes 4960 m the 
green , 4415 m the blue , and 4404, 4383, 4271, 4260, and 4071 m the indigo 


_ ih £sP aik spectrum of iron were also made by W A Miller, H D Bab 

r? w Carter A S King L and E Bloch, D Alter, A Masson, 

n T ? Robinson, W E Adeney, J L SchOnn, T Takamine and S Nitta, 

t 1 v ^ c ? ™ rkers > T R Robinson, W Finkelnburg, W Huggins, R Thal6n, 
a a Gouy, R Capron E Carter, E Carter and A S King, F Muller, 

W XT ® Stuhlman, J B van Milaan, G Ciamician J Parry and A E Tucker, 
j w . ork ® rs ’ G D Livemg and J Dewar, F McClean, J M Eder, 

J M Eder and E Valenta, F Papenfus, J H Pollok, A S King, J Wilsrng, F Exner 
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and E Haschek, H Konen, A Hagenbach and H Konen, J N Lockyer, G E Hale 
and N A Kent G E Hale, G A Hemsalech and C de Watteville, H W Moise, 
O Lohse, ana JEx 

W B Anderson discussed the effect of variations in the experimental conditions 
on the spark spectrum , H R von Traubenberg, the effect of the surrounding 
gaseous atmosphere ( 1 ) oxidizing — oxygen, carbon dioxide, nitrous oxide, or sul- 
phur dioxide , ( 11 ) reducing — hydrogen, methane, acetylene, and carbon monoxide 
The spectrum of wires exploded by the disruptive discharge was examined 
by J A Anderson, S Smith, R Dechene, A C Menzies, A S King, T Hon, and 
H Nagaoka and co workers , and the spectrum of the disruptive discharge, by 
H Nagaoka and co-workers The spark discharge m a capillary tube filled with 
gas was found by J Trowbridge to show no iron lmes J H Pollok found that the 
discharge m the vacuum tube with ferric chloride has an iron spectrum corre- 
sponding with the spark spectrum P E Robmson, F Grunbaum, L Janicki, 
L Janicki and R Seeliger, and K L Wolf studied the spectrum of the spark dis- 
charge m the vacuum tube According to G A Hemsalech, the velocity with which 
luminous particles are emitted by the iron electrode is 27 2 metres per sec , the 
duration of the luminosity m the spark discharge is between 40x10— 3 and 
282 X 10~ 3 sec — it increases with the capacity , it is proportional to the intensity 
of the lmes , and it decreases in a magnetic field The spark spectrum of the 
discharge m water was observed by E von Angerer and G Joos, L and E Bloch, 
L de Boisbaudran, G Ciamician, H Finger, W H Fulweiler and J Barnes, 
G E Hale, G E Hale and N A Kent, E 0 Hulbert, H Konen, H Konen and 
H Finger, J N Lockyer, W F Meggers and F M Walters, A L Narayan and 
K R Rao, J Pairy and A E Tucker, B Setna, H Stucklen, N K Sur, and 
J Wilsmg T Tucholsky, and H Nagaoka and co workers observed the change 
m the wave length and intensity of iron lmes by the disruptive discharge 
A portion of the arc spectrum by A S Kmg is shown in Fig 254 

The aic spectrum was examined by K Behner E G Bilham, Lord Blythswood and 
W A Scoble, P H Broderson, H Buisson and C Fabry, K Burns, K Bums and 
F M Walters, It Capron, W Clarkson A Comu H Crew, H Crew and B J Spence, 
W G Duffield, J M Eder and E Yalenta E J Evans, F Exner and E Haschek, C Fabry 
and co workers, F Goos, A Hagenbach and H Konen, A Hagenbach and K Langbem, 
S Hamm, J Hartmann, G A Hemsalech and C de Watteville, H Hertenstem, A Hilger, 
W J Humphreys, C Y Jackson, L Janicki, C E St John and H D Babcock H Kayser 
and C Runge A S King, W Klemewefers, E A Kochen, J Lang, G D Liveing and 
J Dewar, J N Lockvor, P Maring W F Meggers and C C Kiess P W Merrill, J B van 
Milaan, G S Monk, C E Moore and H N Russell, J E PetavelandR S Hutton, M Piram 
and R Rompe, R A Porter, H Pressentm, S P de Rubies, H Schumacher, A Secchi, 
A Sellerio, R Thal6n, and H Viefhaus 

The so called normal spectrum was discussed by W E Adeney, S Albreoht, 
H D Babcock, F L Brown, H Buisson and C Fabry, K Bums and co-workers, 
J M Eder, J M Eder and E Valenta, P Eversheim, C Fabry and A Perot, 
L Glaser, F Goos, J Hartmann, S Hoeltzenbein, L Janicki, C E St John and 
co-workers, H Kayser, H Kayser and co-workers, C 0 Kiess, J Lang, F McClean, 
W F Meggers and co workers, K W Meissner, G S Monk, F Muller, H Nagaoka, 
F Papenfus, A H Pfund, H Pickhan, H A Rowland, H Schumacher, 
H Viefhaus, P Wallerath, and H Werner 

The intensity of the spectral lmes was studied by P H Broderson, R Frenchs, 
0 Laporte, J B van Milaan, and L S Omstem , the relative intensity of arc and 
spark lmes, by G Nakamura , and the selective reflection of the lines in the arc 
spectrum, by R W Wood H Crew and B J Spence studied the effect of different 
phases of an alternating current arc on the spectrum , C Fabry and H Buisson, 
the effect of the potential difference between the electrodes , H Crew, and 
G D Livemg and J Dewar, the effect of an atmosphere of hydrogen , R A Porter, 
the effect of an atmosphere of hydrogen, oxygen, or ammonia , M la Rosa, and 
E Donek, the effect of an atmosphere of oxygen , H Nagaoka, the displacement 
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of the lines as a result of press , potential difference, and speeds of ions and electrons 
- the so called pole effect, ? W Merrill, the strengthening ot the lines at the 
positive pole , H Konen, the arc spectrum under -water M Pierucci, the spraying 
of iron salts m the carbon ucliglit , E G Bilham,K Burns, W G C ady,W R Mott, 
H Nagaoka and Y Sugiura, Siemens Sc hnckeitwerke, the effect of electrodes 
containing various other metals, carbon, oxides, etc , and A Hagenbach and 
K Langbein, and H Buisson and C Fabry, the temp of the arc The effect of 
pressure was discussed by W S Adams, H JD Babcock, H Buisson and C Fabry 
M A Catalan, W G Duffield, G E Hale and W S Adams, W J Humphreys' 
C Keller, A S King P Manng, J F Mohler, A Perot, J E Petavel and 
R S Hutton, and R Rossi, and the magnetic field — Zeeman effect — by J S 
and co workers, II D Babcock, A E Becker, H Becquerel and H Deslandres, 
H B van Bilderbtek van Meurs, A Dufour, T M Graftd^k, G E Hale, W Hart 
maim, G A Hemsalech, N A Kent, A S King, 0 Luttig, A A Michelson, 
H Nagaoka, H Nagaoka and Y Sugiura, T Preston, H M ReeBe, Y Takahashi, 
J H van Vleck and A Frank, K Yamada, and P Zeeman Using a magnetic 
field equivalent to 37,000 gauss , H Nagaoka, and Y Takahashi observed that of 
the nine strong violet lines seven were found to give separations proportional to 
the field, while two gave larger separations in stronger fields Of the weaker lines 
some give larger separations than usual, which are not proportional to the field 
The effect of an electric field — the Stark effect — on the spectrum of iron was examined 
by M Adam, J A Anderson, H Nagaoka and Y Sugiura, and T Takamine , the 
self induction, by G A Hemsalech, B Egimtis, E Neculcta, P E Robinson, and 
G Berndt , reversed lines, by G D Livemg and J Dewar , anomalous dispersion, 
by H Ebert, L Puccianti, and H Geisler, enhanced lines, by J N Lockyer, 
J N Lockyer and F E Baxandall, F E Baxandall, W G Duffield, P W Merrill, 
G E Hale and W S Adams, C Fabry and H Buisson, and A Fowler Les raies 
uUimes, the ultimate or residual rays, and the sensitiveness of the spectrum of iron 
were studied by E Bayle and L Amy, F Brasack, A de Gramont, W N Hartley 
and H W Moss, W Kraemer, J H Pollok, J H Pollok and A G G Leonard, 
and D M Smith A de Gramont said that the last lines to be visible are in the 
group 2767 6 to 2737 0, and also 3020 8 , with ocular observations, 4404 and 4383 , 
and with photographic observations, 4045, 3820, 3737, 3570, 3565, 2755, 2749, 
2739, 2395, and 2382 The lines 2395 7, and 2382 2 are visible with a dilution of 
1 1,000,000 , 2755 8, 2749 4, 2739 6, 2599 5, and 2598 5, with a dilution of 
1 100,000 , and 3737 5, and 3735 0, with a dilution of 1 10,000 W N Hartley 
and H W Moss gave 3886 4, 3860 0, 3824 5, 3749 6, 3745 7, 3735 0, 3733 4, 3722 6, 
and 3720 0 for the ultimate lines of iron m the oxy-hydrogen As.™* ; 2753 4, 2749 4, 
2747 1, 2746 6, 2743 2, 2739 6, 2825 8, 2628 4, 2599 5, and 2598 5 for the ultimate 
lines of the spark spectrum between iron electrodes F Twyman and co workers, 
T Negresco, W Kraemer, A Schleicher, and J R Green discussed the spectral 
analyses of metals in quantitative and qualitative analyses 

The ultra-violet spectrum was exa min ed by J L Schonn, G D Livemg and 
J Dewar, F Exner and E Haschek, J Thibaud, Y Schumann, R J Lang, 
T Royds, T Ta kamin e and S Nitta, S Hamm, J C McLennan and co-workers, 
P Manng, S P de Rubies, 0 Stuhlman,C C Kiess,R A Millikan and co-workers, 
and L and E Bloch , and the ultra-red spectrum, by H Becquerel, J Querbach, 
H Lehmann, W W Coblentz, K W Meissner, W F Meggers and C C Kiess, 
W de W Abney, E A Kochen, E J Evans, L Geiger, H M Randall and 
E F B arker, and J C McLennan and co workers The electrodic l uminescen ce 
spectrum was studied by W von Bolton , the luminescence spectrum produced 
by the action of cathode rays on the vapour of iron, by E Carter and A S TCing , 
and the spectrum of the luminescence of iron vapour in nitrogen, by P Lewis 
The enstence of non lines in the solar spectrum was discussed by J von Fraunhofer, 
S A Mitchell, H von Kluber, A Cornu, J Wdsing, H Ebert, J N Lockyer and 
F E Baxandall, J N Lockyer, A S King, C Fabry and co-workers, R Woolley, 
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S Albrecht, H A Rowland, H Deslandres, A de Gramont, C E Moore and 
H N Russell, and H W Vogel , and m stellar spectra, by A de Gramont, 
G P Merrill, P W Merrill, W W Morgan and co workers, 0 Struve, 0 Struve 
and P Swings, and G P Meirill and C G Burwell, 8 Albrecht, J N Lockyer 
and F E Baxandall, R Furnhjclm, and H Ludendorff, and the spectra of 
meteorites, by W Crookes — vide supra , the occurrence of iron R Gans studied 
the absorption spectrum of a colloidal soln of iron, and J N Lockyer, and 
J Parry, the possible dissociation of iron at high temp 

The absorption spectrum of the vapour of iron was discussed by K L Wolf, 
H Gieseler and W Grotnan, A S Kmg, J C McLennan and A B McLay, 



Fro 255 — The Spectxa of Iron Vapour at Different Temperatures 


E b 


W F Meggers, J N Lockyer and W C Roberts Austen, G D Livemg and 
J Dewar, J A Anderson, and E von Angerer and G Joos A S King s results 
with the vapour at different temp are indicated m Fig 255 

According to J Formanek, (oloured solutions of iron salts do not furnish 
absorption spectra suitable for analytical purposes The ferrous salts absorb 
more or less red rays, and the 
ferric salts, blue or violet rays 
— mde infra , the special salts 
The absorption spectrum of 
ferric thiocyanate m amyl 
alcohol is shown in Fig 256 
Soln of ferric salts react with 
alkanna tincture, and with 
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neutral aq soln the liquid first becomes bluish-grey, and afterwards d { 

This liquid has a strip at 4955, aud a band in the blue The addition of a drop 
of ammonia to the liquor precipitates the iron compound, ana a P 
spectrum disappears , but if a trace only of ammonia be added, the liquor becomes 
grass green, and a strong absorption appears at 6645, and a feeb e 
Alkanna tincture acts similarly on soln of ferrous salts, but the 
violet If ammonia be added as before, the colour becomes ^sh-brown and 
shows bands in the green and blue, and two strips at 5895 and 5475 After the 
liquid has stood for some time it becomes dirty green, and turbid, and the 
spectrum disappears Observ ations were made bj J PlotmkofE and M Kar^h , 
R Samuel, and H I Schlesmger and H B van VaJkenburgh M Luckiesh, and 
T Dreisch studied the special transmission of glasses coloured with. non 

Regularities ui the spectra and senes spectra of iron wer ® ^ J 

A Schuster, and W N Hartley A S King arranged the lines m difierent classes 
according to their behaviour with respect to temp one ckss was weU developed 
at 1600°, another at 2000°, and another at 2300 , and G B Hale and W S^ Adams 
VOL XIII 
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also found that the lines could be arranged m classes accoidmg to their behaviour 
with respect to press The subject was also discussed by M A Catalan, E Gehrcke, 
A deGramont, A Hagenbach and H Schumacher, G A Hemsalech, T N Lockyer 
and co workers, and J Meumer H D Babcock discussed the changes of energy 
involved m the passage from one class to another The multiplots -doublets, 
triplets quartets, and sextets— were examined by E von Angerer and G Joos, 
N Bohr and D Coster, W M Cady, M A Catalan and eo workers, W Clarkson, 
D Coster, R Frerichs, E Gehrcke, R C Gibbs and II E White, H Gicseler and 
W Grotnan, S Goudsmit and co-workers, A de Gramont, W Grotrian, S Hoelt 
zenbem, F Hund, C E St John, M Kahinowicz, P K Kichlu, C C Kiess and 
0 Laporte, M Kimura and G Nakamura, 0 Laporte, E M Lmdsay, J C McLennan 
and A B McLay, W F Meggers, W F Meggers and 0 Laporte, J B van 
Milaan, H Nagaoka and Y Sugiura, A L Narayan and K R Rao, P G Nuttmg, 
L S OrnstemandH C Burger, E Paulson, A Rubmowicz,R Rudy, II N Russell, 
M Sawada, N K Sur, F M Walters, H E White, and A T Williams 

There are supposed to be rings or shells of electrons connected lespectively with 
the emission and absorption of the K , L-, M , ind N series of the X rays , while 
with the heavier atoms like uranium and thorium, there may be six such shells — 
denominated K, L, M, N, 0, and P groups, beginning with the innermost— the 
K group has 1 member , the L group, 3 , the M group, 5 , the N-group, 7 , the 
0 group, 5 , and the P group 3 According to N Bohr’s theory , 6 the electrons m 
any given shell move in orbits more or less elliptical, and spati illy arranged so as 
not to be co planar Owing to variations m the eccentricity, the orbits of the 
electrons m different shells are interpenetrating so that electrons m the exterior 
shells may approach closely to the nucleus at perihelion of the highly elliptical 
orbits Consequently, the force actmg on an electron m an elliptical orbit may 
undergo enormous variations in each revolution, so that the inverse square rule is 
approached only m the exterior parts of the orbits In certain cases, the binding 
force on the electrons in exterior shells may be greater than that acting on the 
electrons m the mtenor shells With the more simple pictures of the Bohr atom, 
the K-rays are due to electrons whose quantum number, n, decreases to 1 , and such 
an electron drops mto the K-rmg, orbit, or shell , when the quantum number of the 
electron has dropped to 2 , it gives off L rays, and the electron is said to have dropped 
mto the L ring, shell, or orbit J Palacios and M Velasco studied the fine structure 
of the X-ray absorption spectrum 

J Laub assumed that hard X-rays furnish a J series of X-ray spectra, but 
M Siegbahn could not confirm this The K-senes of X ray spectra were found by 
H G J Moseley, and E Wagner to furnish a=l 946, and jB=l 765 A Larsson 
gave a x =l 932066, 02=1 935987, a 3 4=1 92330 , there are also ]8'=1 75646, and 
7371, as well as px=l 753013, /J 2 =l 74076 Measurements were made by 
U Andrewes and co workers, M Balderston, J A Bearden, H Beuthe, S Bjorek, 
D M Bose, W Bothe and co workers, M de Broglie, C T Chu, D Coster and 
co workers/ A Dauvillier, A C Davies and F Horton, B Davis and H Purks, 
G B Deodhar, V Dolejsek, V Dolejsek and co workers, M J Druyvesteyn, 
W Duane and co workers, S Eriksson, J D Hanawalt, E Hjalmar, S Idei, 
A Karlsson, S Kawata, G Kettmann, B Kievit and G A Lindsay, E H Kurfch, 
K Lang, A Larsson, A E Lmdh, G A Lindsay and H R Voorhees, H Mark and 
L Szilard, L H Martin, H T Meyer, F L Mohler and P D Foote, B C Muk- 
herjee and B B Ray, G Ortner, T H Osgood, S Pastorello, R L Petry, 
M Pnvault, B B Ray, 0 W Richardson and F C Chalklin, M Sawada, 
N Seljakoff and co workers, M Siegbahn, M Siegbahn and co workers, M Siegbahn 
and B B Ray, M Siegbahn and W Stenstrom, M Siegbahn and M Zacek, 
N Stensson, E C Stoner, R Thoraeus, J Vslasek, APR Wadlund, B Walter, 
l \ Wever, F J von Wismewsky, Y H Woo, and S Yoshida The limit of 
absorption of the K-senes was placed by V Dolejsek at 1 7395 , by W Duane 
and co-workers at 1 7396 , and by E Wagner at 1 7377 The absorption of the 
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k series was also studied b> V Duane, W Duane and H Frieke, J L Glasson, 
and R Thoraeus A E Lmdh found for the absorption limit with elemental 
iron, 1 7405, for Fe 2 0 3 , 1 7373, for Fe(OH) 3 , 1 7371, for FeCl 3 , 1 7372, for 
(NH 4 ) 2 Fe(S0 4 ) 2 , 17371 , for FeS, 17389, for FeS0 4 , 17383, foi Fe 2 (S0 4 ) 3 , 

1 7371 , and for FeS0 4 , 1 7371 The relation between the electronic structure 
and the K series was discussed by G A Lindsay and H R Voorhees, and 
B B Ray , and the electronic energy, by R Whiddmgton, and G W C Kaye 
The L-senes includes the lines a=17 66, ai 2=17 58, j3=17 33, /} 1 =1722, j8 4 3 =15 61, 
6=20 12, and ^=19 63 The L senes was studied by S Bjorek, N Bohr and 
D Coster, A Dauvillier, M J Druyvesteyn, H Hirata, C E Howe, F L Hunt, 

A Karlsson, G Kellstrom, E H Kurth, B C Mukherjee and B B Ray, 

F P Mulder, 0 W Richardson and F C Chalklm, Q K Rollefson, M Siegbahn 
and co workers, A Sommerfeld, E C Stoner, J Thibaud and A Soltan, 

C H Thomas, R Thoraeus, B Walter, and R B Witmer and J M Cook 
The M senes was studied by U Andrewes and co-workers, F L Mohler and 
P D Foote, B C Mukherjee and B B Ray, J A Pnns and A J Talcens, 

R L Petry, B B Ray and R C Mazumdar, 0 W Richardson and F C Chalklm, 

G K Rollefson, 0 Stuhlman, and C H Thomas The N -series was studied by 
E H Kurth H Stmtzmg, and 0 Eisenhut and E Kaupp attempted the 
analysis of iron by X-ray spectra 

The absorption coefficients, fi, for the K series of X-rays was found by 
C G Barkla and V Collier to be 0 0202 for air , 0 204 for H 2 S , 0 24 for S0 2 , 0 112 
for ethyl chloride , and 0 384 for ethyl bromide , and E A Owen gave/z,=0 0254 
for air , 0 0456 for C0 2 , and 0 2673 for S0 2 C W Hewlett gave for the relative 
mass absorption coeff for wave lengths A A 

A 0 130 0 210 0 324 0 471 0 666 0 861 1 006 

njD 0 437 1 16 3 76 1122 3105 60 60 91 70 

and C G Barkla and C A Sadler, and C A Sadler and A J Steven gave for the 
absorption of the K-series of radiations from 

Cu Ag Zn Ti As Se Cr Fe Co Ni 

fxlD 268 17 4 221 173 134 116 3 103 8 6b 1 67 2 314 

J A Becker found that the absorption coeff of iron for X ra^s of short wave-length 
were very little affected by a magnetic field of 18,000 gauss Observations were 
made by S J M Allen, T E Auren, C G Barkla and co workers, H R Voorhees 
and G A Lindsay, R A Houstoun,L H Martin and K C Lang,L M Alexander, 

J A Pnns, N Ahmad, L Bastmgs, J A Bearden, W H Bragg and co workers, 
F Dessauer and B Winawer, W Duane and H Fricke, C W Hewlett, J A Becker, 
H Hadicke, H S Read, J Palacios and M Velasco, A H Compton, M Ishino 
and S Kawata, G W C Kaye, J Laub, L H Martin, F K Richtmyer and 
co-workers, M Siegbahn, 0 Stellmg, and K A Wmgardh W Kossel discussed 
the relation between the absorption coeff of Cu, Zn, Fe, and Ni , J Veldkamp, 
the effect of lattice structure on the X radiograms , J A Becker, the effect of 
magnetization on the absorption of X-rays , and B Rossi, the absorption and 
diffusion of penetrating corpuscular radiation m iron 

C H Thomas, XJ Nakaya, F C Chalklm, H Kulenkampff, G Shearer, and 
C T Chu studied the emission of soft X-rays, 0 W Richardson and F S Robert- 
son, L P Davies, and U Nakaya, the effect of oxidation on the emission of soft 
X-rays, R Whiddmgton, the Velocity of the X-rays , L H Martin, the efficiency 
of the emission of the K-series of Z-rays , and H S Read, the effect of temp on 
the absorption of Xrays, W Arkadieft, the magnetic aboorption spectrum 
The absorption of polarized X r xys m a magnetic field was examined by J A Becker, 
F C Chapman, A H Forman P H Brodersen studied the intensity of X-ravs 
R W G Wyckoff, E N Coade, S J M Allen, A A Claassen, A J Bradley and 
RAH Hope, R W Junes and G W Brmdiey, 0 W Hewlett, E N Coade, and 



180 


INORGANIC AND THEORETICAL CHEMISTRY 


R J Havighurst, and E A Owen, the scattering of X rays , A H Armstrong, 
the diffraction of X-rays , R Glocker and K Schafer, the dispersion of X rays ’ 
P Gunther and G Wileke, the analysis of mixtures of iron and cobalt by X ndio* 
grams , E Rupp, the diffraction of electrons , S Pastorello, iron as a deflection 
lattice for X ra\ s , R L Doan, W Ehrenberg and F Jtntzsch, J E Henderson 
and E R Laird, and R W G W}ckoff, the reflections of X-rays, and H Haas 
detected no polarization of the K rays with a voltage of 7 1 to 12 6 kilovolts 
C E Eddy and T H Laby, and 0 Eisenhut and E Kaupp studied the analysis 
of iron by means of the Lenard rays , and G R Eonda and G B Collins, by 
means of the X-ray spectrum W A Wood observed that manganese deposited 
on aluminium will remove the j8 rays by selective absorption from the characteristic 
radiation of iron The production of the K series of X-ra>s by a rays was 
studied by W Bothe and co-workers The secondary X rays of iron were studied 
by C G Barkla, C D Cooksey, W Kaufmann, and C A Sadler The pro 
duction of X-ray fluorescence was studied by M B alder ston, W Bothe and 
co 'workers, M I Harms, W Kossel, L H Martin, and V Pose] pal 0 G Barkla 
and A J Philpot, and E A Owen, measured the ionization coeff of the Ka rays 
in their passage through hydrogen, oxygen, carbon monoxide, carbon dioxide, 
hydrogen sulphide, sulphur dioxide, hydrogen selemde, and ethyl bromide and 
iodide M yon Lane and G Siljeholm found that near the A«* irrest, the changes 
m the thermal electron emission are related wifli thos< oecurimg m ihe thermal 
energy , and E Rupp and E Schmid found maxim i foi 1 20, U0, 175, and 230 

mthe\oltage intensify of the electiomc reflexion cmvc W Arkadieff studied the 
magnetic and electric spectra of electromagnetic waves U Fournier, md E Rupp 
studied the absorption of electrons , J Thibaud and V 1) la Tour, md P Auger, 
the absorption of neutron rays , W Espe, S R Rao, II Hase, and II E Farns 
worth, the distribution of energy and the emission of electrons from iron, 
H E Farnsworth, md G A Carse and D Jark, the emission of electrons from 
magnetized md unnngnetized iron when no appreciable difference could be 
detected, E Rupp, md E Rupp and E Schmid, the diffraction of electrons , 
and W Boas and E Rupp, the diffraction of electrons by purified and passive iron 
W Ehrenberg and F Jentzsch, the reflection of electrons , C II Kunsman, 
M N Davis, H B Wahlm, F Simon, A Goetz, L R L Barnes, G Siljeholm, 
F M Penning, and M von Laue, the emission of positive ions from heated iron , 
A K Brewer, the effect of ammonia , and, according to \ Goetz, there is no 
displacement, but there is a change m the direction of the cuive of electronic 
emission at different temp on passing through the transition points of iron 
F E Myers and R T Cox tried to detect the polarization of electrons passing through 
magnetized iron foil, and G A Carse and D Jark observed no difference m the 
emission of electrons from magnetized and unmagnetized iron excited by the 
X rays A Nodon obseiwed the permeability of iron to the penetrating ultra radia- 
tions of the sun R Robl observed no luminescence m ultra-violet light B Rossi 
measured the absorption of corpuscular radiations H R von Traubenberg 
found the range of the a-particles m iron to be 18 7xlCM cm G P Thomson 
discussed the diffraction of the cathode rays R Holoubek studied the tracks of 
the H-particles from iron bombarded by a rays , A Wegerich studied the effect 
of bombarding iron with a particles — vide infra, the atomic disintegration of iron 
H Robinson and W F Rawlinson investigated the emission of jS rays from iron 
K W F Kohlrausch, E Stahel and H Ketelaar, H Herszfinkiel, L H Gray and 
G T P Tarrant, and A H Compton, the absorption of the y-rays of radium , 
.and E J Workman, and H Herszfinkiel, secondary ionization by hard y-rays 
According to R F Mehl and C S Barrett, the penetration limit of the y rays 
through steel is about twice as great as that of the X-rays H Schindler studied 
the effects of ultra-penetrating radiation N Piltschikoff observed that iron 
emits the so-called Moser rays which are capable of passing through thin layers of 
paper, celluloid, gelatm, or aluminium , and which can decompose silver bromide 
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J Lifschitz studied the Becquerel effect W 0 Guy, and I I Borgman observed 
no evidence of the radioactivity of iron N R Campbell calculated from the 
ionization of air by iron that the radioactivity, if present, is but 1 7x10 ~ 12 times 
as strong as is that of radium Y H Woo studied the Compton effect 

The critical potentials found by U Andrewes and co workers were 73 and 166 
volts , H N Russell gave 7 83 and 16 5 volts respectively for the senes and 
ionization potentials of iron A Y Douglas gave 6 6 volts for the ionization potential 
of iron deduced from astronomical data , and G B Kistiakowsky, 11 to 13 volts 
0 Laporte gave 5 9 volts for the ionization potential, and 3 20 volts for the first 
excitation potential R Hamer and S Singh found critical potentials with 3 7, 
7 15, 11 2, 16 3, 19 4, 24 5, 29 0, 33 9, 38 8, 42 1, 45 7, 48 4, 51 4, 54 8, 61 6, 72 7, 
89 6, 103 1, 111 6, and 125 8 volts G K Rollefson found that m the range 40 to 
175 volts, the critical radiation potentials of the M series are 3 46, 6 03, 7 05, 8 21, 
9 63, 10 40, 10 88, 11 33, and 11 83 volts , and the values for the L series m the 
range 60 to 70 volts are 45 5, 47 0, and 51 5 volts In the range from 600 to 700 
volts, O W Richardson and F C Challdm found critical voltages at 608 1, 640 0, 
and 689 7 volts , C H Thomas, 639 and 704 3 volts , and G K Rollefson, 618, 



637, md 697 \olts R L Petry observed critical potentials for the secondary 
electron emission of iron at 6 7, 9 0, 13 5, 26, 34, 39, 42 8, 48 3, 54 6, 66 7, 80 5, 
92 7, 740, 810, and 1010 volts There is a long range of voltages below 200 volts 
observed by 0 W Richardson and P 0 Chalklm, G K Rollefson, A V Douglas, 
M de Broglie, S V Ro},D R Hartree, C H Thomas, S C Biswas, R N Ghosh, 

E H Kurth, U Andrewes and co workers, and C T Chu , the critical voltages 

follow the series 7=180-2420 n 2 , where w= 4, 5, 6, 7, 8, 9, 10, 11, 12 Observations 
on the series and critical potentials were also made by S C Biswas, A C Davies 
and co-workers, E H Hall, U Andrewes and co-workers, F Hund, O Laporte, 
R L Petry, B B Ray and R C Mazumdar, O Stuhlman, 0 H Thomas, and 
P M Walters W Grotrian represented graphically the energy stages, volts, 
for atoms of iron for different groups of spectral lines by Pig 257 W Herz ga\ e 
8 25 x 10" 12 , and J E P Wagstaff, 0 67xlCM 2 for the vibration frequency of 
iron —vide 1 13, 19 J B Austin gave between 7 0 x 10~ 12 and 9 7 x 10~ 12 

The photoelectric effect with iron was studied by G B Bandopadhyaya, 
A K Brewer, A B Cardwell, L P Davies, G N Glasoe, G L Locher, R Hamer, 

G B Kistiakowsky, T H Osgood, T Pavolmi, G Reboul, O W Richardson and 



182 


INORGANIC AND THEORETICAL CHEMISTRY 


F S Robertson, and J J Weigle According to G B Welch, the photoelectric 
effect is in the threshold of 3155 A , R Hamer gave 3425 A A K Brewer, and 
U Nahaya discussed the influence of adsorbed gas on the photoelectric effect 
A B Cardwell observed the effect of removing the occluded gas on the photo 
electric effect, and found that a thoroughly outgassed specimen showed no fatigue 
for 12 hrs after treatment When this state was reached, the strength of the 
photoelectric current depended on the rate of coolmg of the iron filament The 
photoelectric sensitiveness thus increases if the specimen be annealed m vacuo 
There was a decrease m the photoelectric sensitivity if a filament heated above 910° 
was suddenly cooled, this being due to the retention of part of the y iron The 
variation of the photoelectric current with temp of the filament was investigated 
for iron which had been outgassed by heat-treatment for 150 hrs The variation 
is complex Between about 475° and 768° there is a decrease m photoelectric 
current due to a pure temp effect At 768° (where there is a transition of a- to 
/? iron) the sensitivity remains constant or increases slightly Near 910° (transition 
of j8 to y iron) there is an abrupt decrease m the sensitivity The thermionic 
current was also measured and plotted agamst heating current There is an abrupt 
change m the curve at 910° The long wave-length limit for thoroughly outgassed 
iron lies between 2580 and 2652 A The work function, obtained by substituting 
these values in Einstein’s photoelectric equation, is 4 72 ±0 07 volts S Chan- 
drasekhar studied the photoelectric absorption by iron The subject was studied 
byW Frese, the effect of magnetization, by G Polvam, and the effect of polishing 
with iron the metals copper, silver, gold, and platinum, by R F Hanstock, 
the effect of gases, by R Dumpelmann , and the effect of magnetization, by 
J H J Poole F Ehrenhaft found that iron particles show positive and negative 
photophoresis m that they move both with and agamst the direction of an incident 
beam of light 
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§ 21 Electrical Properties of Iron and Iron-Carbon Alloys 

P E Shaw and C S Jex, 1 A Coehn and A Lotz, A Lafay, J B Seth and 
co workers, H F Richards, and P A Mainstone studied the tnboelectncity or 
friction electricity produced when iron is rubbed against glass, etc R F Han 
stock studied the effect of cold- work on the triboelectric effect 

Many observations on the electrical conductivity of iron and steel have been 
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reported Tims, A Matthiessen and 0 Vogt gave fox the electrical conductivity, 
#, of electrolytic iron ignited m hydrogen, #=16 810—0 519d+0 OO1340 2 , and 
ignited m air, #=16 810 — 0 5090+0 OO1270 2 when the value for Kq for silver is 
100 , they also found for pianoforte wire, #=13 293 0 4250+0 00092 02 , and 
for commercial iron, #=18 774— 0 4280+0 OOOO9O0 2 C W Siemens gave for 
iron, 8 3401 at 0° when the conductivity of mercury is unity , R Benoit, 7 861 , 
A Berget, 7 88 , L Lorenz, 9 685 at 0°, and 6 189 at 100° , W Kohlrausch, 8 405 
at room temp for electrolytic iron, 0 8913 at a red-heat, 0 8196 at a yellow heat, 
and 0 7949 when the iron is non magnetic Observations were also made by 
A Amdtsen, C Barns, E Becquerel, T Berglund and A Johansson, L Cailletet 
and E Bouty, J A Capp, 0 Chwolson, A Emo, J A Fleming, P Fournel, 
C A Hering, W H Johnson, G C Knott, A Macfarlane, A Matthiessen and 
C Vogt, A R Meyer, J R A Mousson, J Muller, A Oberbeck and J Bergmann, 
J H Partridge, M Piram, W H Preece, P T Riess, C M Smith and co workers, 
H Tomlinson, C Villiers, A von Waltenhofen, H Wedding, etc J Dewar and 
J A Fleming, and E Dickson gave for the electrical conductivity m mhos of 
purified, and annealed iron 

-205 3 -78 0° 98 5 1961 

MhosXKM 153 40 18 80 11 30 5 62 4 65 


W Meissner and B Voigt also made observations between —271 8° and 0° , 
and found for the ratio, r, of the resistance, R, at the given temp to the resistance, 
R 0l at 0°, for a sample, I, of electrolytic iron, and a sample, II, of iron with 0 001 
per cent Mn, 0 004 per cent of copper, 0 0049 per cent of nickel, etc , and tempered, 
when the resistance of I was # 0 =0 0067 ohm at 0°, and that of II, # 0 =0 160, 
and the calculated values of the ratios for the pure metals, r rc a 


MU 

11 fu 


016° -185 58° -19415° 

1 0 1169 0 09194 

1 0 09745 0 07194 

1 — 0 0756 

1 — 0 06797 


-252 60° -268 79 -271 62° 

0 02282 0 02160 0 02156 
0 00130 0 00005 0 00001 
0 00892 0 00818 — 

0 00075 0 00000 - 


L Guillet found the electrical resistance of annealed electrolytic iron to be 
10 22 microhms per cm cube at 20°, and since the only measurable impurities 
were 0 025 per cent of phosphorus, and 0 011 per cent of arsenic, A L Norbury 
estimated that by allowing for an increased resistivity of 0 32 microhm from these 
sources, the corrected value is 9 90 microhms per cm cube at 20° F 0 Thompson 
and co-workers gave 7 3 microhms for the sp resistance of pure iron T D Yensen 
gave 9 96 microhms per cm cube for the resistance at 20° of annealed, doubly 
refined electrolytic iron, melted m vacuo The only impurities were carbon, 0 006 
per cent , and silicon, 0 01 per cent Allowing for these, A L Norbury estimated 
the resistance to be 9 81 microhms, and F Ribbeck, 9 62 microhms, per cm cube 
at 20° E Gumlich and P Goerens gave 9 94 microhms for the electrical resist- 
ance of purified iron at 20° F Stablein gave 10 microhms for the sp resistance 
of pure iron , 14 7 microhms for that of the eutectoid with 0 9 per cent of carbon, 
and 70 microhms for cementite G Niccolai, and L Holborn obtained 10 microhms 
per cm cube for the resistance of iron near 0° , H Masumoto, 10 44 microhms, 
and G K Burgess and I N Kellberg, 9 713 microhms per cm cube These 
investigators also obtained for the resistance of iron in ohms x 10~ 5 per cm cube 


R 

H 

B and K 

-253° 

0 0U3 

-192° 

0 237 

0 0878 

B and A 

500° 

6 05 

000° 

7 61 


-78° 
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100° 

0 691 

1000 

1 557 

0 5794 

1 000 

X 6476 


0 9713 

1 5880 

700 

7o0 

800 

9 51 

10 67 
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200° 300° 400 

2 240 3 069 4 058 

(2 4726) 3 4738 (4 6536) 

3 40 4 61 

<)U0 <)00 9o0° 

12 lb 12 24 12 41 
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Measurements were made b;y P Saldau , E Gruneisen and E Goens, and \\ Rohn 
T C McLennan and co-workers gave 8 85 for the sp resistance of iron at 0°, and 

0 101 for the value at 252 4°, whilst W Meissner gave 

0 20 >- 185 57 -19414 -252 60 -268 79 -271 66 

B 1 0 1109 0 09194 0 02282 0 02160 0 02166 

or, by extrapolation, 0 02155 at — 273° W Tuijn and H K Onnes found that 
iron did not show superconductivity at low temp , and V A Suydam gave for 
the resistance, i?, at T° K , taking the value at 0° or 273° as unity 

273 411 588 694 851 983 1177 ° 1290 1363 ° 

B 1 000 1 777 2 945 3 871 5 491 7 322 9 361 9 937 10 632 

The observations of K Honda and Y Ogura, summarized by the light curve, 
Fig 258, show a marked change m direction at 798°, or the A 2 ~arrest G K Bur- 
gess and I N Kellberg observed no such change, but rather obtained a continuous 
curve in which the greatest change m the resistance, per degree rise of temp , 
occurred in the vicinity of the A 2 arrest W Bromewsky also observed per- 
ceptible singularities in the resistance curve at about 750°, 850°, and 950°, but 
W Heraeus showed that the method of 
measurement was unsatisfactory, and the 14 
results improbable The resistance of non- 'I ^ 
magnetic a- or jS iron is a continuous func- ^ 
tion of that of the ferromagnetic variety £ w 
without exhibiting any shairp change 
G K Burgess and I N Kellberg took ob- ^ 8 
servations at intervals of 2° or 3°, and j| ^ 
found that the curves on a rising and on * 
a falling temp did not quite comcide, | 4 
especially near the A 3 -pomt The observa- ^ 
tions of L Holborn at low temp fall on ^ ^ 
the curve, and indicate that the resistance 
approaches zero at about —253° The re- 

sistance data of A R Meyer fall °n Fra 268 _ The Eleotncal ^stance 

the curve of G K Burgess and I N Kell- of £ on 

berg W Conrad found that the electrical 

conductivity of molten steel is two hundred times worse than that of the same steel 
at ordinary temp W Jaeger and H Diesselhorst obtained for iron with 0 1 per 
cent carbon, 8 36x10* mhos at 18°, and 5 95x10* mhos at 100° , and for iron 
with 0 1 per cent carbon, 0 2, Si, and 0 1, Mn, 7 17 xlO* mhos at 18°, and 5 31 XlO* 
mhos at 100° V Strouhal and C Barus gave at 0°, 8 30x10* mhos for non, 

1 02x10* mhos for hard cast iron , 1 34x10* mhos for soft cast iron , forgeable 
cast iron m its original state — 4 10 X 10* mhos, hard, and 3 06 x 10* mhos, soft — 
4 35 X 10* mhos for piano wire , 8 47 X 10* mhos for glass-hard steel , 3 46 X 10* 
mhos for that steel tempered at a yellow heat , and 4 88 X 10* mhos when tempered 
at a blue-heat H Pecheux gave for very soft steel, with a little silicon, 8 50x10* 
mhos, and with more silicon, 7 40x10* mhos, while for semi-hard steel he gave 
8 39 X 10* mhos, and for hard steel with a little silicon, 6 48x10* mhos , G Kirch- 
hofE and G Hansemann, 7 11 X 10* mhos for puddled steel, and 4 31 x 10* mhos for 
Bessemer steel W Jaeger and H Diesselhorst gave for steel with 1 per cent of 
carbon, 5 02x10* mhos at 18°, and 3 91x10* mhos at 100°, J Hopkinson, for 
magnetic steel with 25 per cent of nickel, 1 92x10* mhos at 20°, and when non- 
magnetic, 1 39x10* mhos , and H le Chatelier, for steel at 15° with 13 per cent 
of manganese, 0 78x10* mh os when magnetic, and 0 61x10* mhos when non- 
magnetic M Mathieu studied the resistance of iron to an alternating current ot 
50 cycles 

The use of iron m place of copper conductors for electrical cables was discussed 
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by W T Ryan, L P Perry, M D Leslie, H B Dwight, C H RiscLle, ty Peukert, 
H Pmsl, T A Worcester, W Esch, arid A E Kennelly According to 
L W W Morrow, the resistance rapidly increases with the current owing to the 
alrm effect The comparative resistances, R, in ohms per mile of single wire were 


Current 
j Copper 

Iron (bteel) 


5 15 

1 172 1 172 

8 12 9 96 

9 35 9 96 


25 amperes 
1 172 
13 40 
11 10 


The temp coefE , a, of the resistance, was found by L Cailletet and B Bouty 
to correspond with JR— J? 0 (l +0 004900) between —100° and 0° J Dewar and 
J A Fleming gave for the resistance of soft, annealed iron, R=R 0 (l—0 005310) 
between —100° and 0°, and jR=jR 0 (1+0 006250) between 0° and 100°, whilst foi 
iron with 0 25 per cent of manganese, and 0 01 per cent of silicon, 
J2=jR 0 (l— 0 005440) between 0° and 100° W Jaeger and H Diesselhorst gave 
2fc=0 0 4 1051 2(1 —0 005440) for annealed iron with 0 25 per cent manganese, and 

0 01 per cent of sulphur, between —197° and 0°, and for the hot drawn metal, 

0 0 5 9065(1— 0 006250) In the latter case 

— <10 9 — Q1Q° _107 1° —917 _ 9 > > o 

B 0 0,7168 0 0,5318 0 0,1220 0 0,725 0 0 6 6~60 

For iron with 0 1 per cent of carbon, jR=jR 0 (1— 0 004610), and for iron with 1 0 
percent of carbon, -R=JR 0 (1 — 0 0051310) G Niccolai gave R — 22 0 (1 — 0 0055700) 
for the temp coefl between 0° and 100° , P W Bridgman, R~Rq{1—0 0062060) 
for iron with 0 03 per cent of impurity, and at temp between 0° and 100° , 
L Holborn, and A R Meyer gave jR=JS 0 (1—0 006570) , G K Burgess and 

1 N Kellberg, JR=J^ 0 (1 — 0 006350) , and B P Harrison gave for the resistance 
of iron up to 500°, #=0 3318+0 0012300+0 O 6 22O90 2 A Arndtsen gave 
R = jR 0 (1 — 0 0041300 + 0 O 4 1178890 2 ) between 5° and 156°, H F Lenz, 
R = JR 0 (1 - 0 0047200 + 0 O 5 84670 2 ) between 0° and 200° , H Tomlinson, 
R = jR 0 (l - 0 0051310 + 0 O 5 81520 2 ) for iron between 18° and 100° , 
J Hopkmson, jR=R 0 (l— 0 00480) at ordinary temp, R=R 0 (l—0 00180) at 855°, 
and jR=R 0 (1— 0 00670) above 855°, and R Benoit, R=R 0 (l—0 0045160 
+OO5I4570 2 ) between 100° and 860° A A Somerville gave for the purified 
metal, R—R 0 (1—cl9) 

25 100 200 400° 000 750° 800° 1000 

aX 10 4 52 68 90 133 170 250 120 05 

H Pecheux found for very soft steel with a little silicon, B=jB 0 (1—0 00650 
+0 O 5 430 2 ), steel with a little more silicon, R~R 0 ( 1—0 00870+0 O 5 740 2 ), for semi 
hard steel, R=R 0 { 1—0 00490+0 O5890 2 ), and for hard steel with silicon, 
JK=JR 0 (1 — 0 00400+0 O 5 540 2 ) V Strouhal and C Barus found for steel between 
10° and 35°, JR=JR 0 (1 — 0 001610) when glass-hard, jR=J? 0 (1 — 0 002440) when 
tempered at a pale yellow-heat, R~R 0 ( 1—0 003300) when tempered at a blue heat, 
R=R 0 (l—0 004230) for soft steel, and jR=JR 0 (1 — 0 00420) for piano wire , R Benoit 
gave JK=0 1149(1-0 0049780+0 O 6 7430 2 ) for soft steel between 100° and 860°, 
and for soft iron, JK=0 1272(1+0 004520+0 O s 580 2 ) J A Fleming gave 
R=R o (l—0 001320) for 24 per cent nickel steel at 20°, and R-R 0 {l-0 0040) ax 
600°, whilst for manganese steel, he gave J2=B 0 (1— 0 00120) 

T Kase studied the change of electrical resistance of cast iron in the vicinity 
of the eutectic temp , and the results for white pig-iron with 3 52 per cent of carbon, 
cooled from 1380°, are su mma rized in Fig 259 , analogous results were obtained 
with grey pig-iron He found that the electrical resistance of the molten cast iron 
gradually decreases from 1380° down to the liquidus temp , 1210°, AB, and the 
slope of the curve then changes down to the eutectic temp , 1130°, BC y when the 
eutectic begins to separate , the electrical resistance decreases abruptly at this 
telnp , CD 2 , and then decreases slowly, DE t Fig 259 The ordinates at D and O 
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are respectively 2 23 and 2 7b, showing that at the eutectic temp , the resistance 
decreases by 19 per cent of that of the melt There is no evidence of a two-step 
transformation, one for cementite and one for graphite H Shimank estimated the 
resistance of unannealed iron to be 2 6U ohms at 0° K , and for the ratio R, Ro 
it 273 09°, 198 3°, and 20 4° K the respective 
values 1 0000, 0 6148, 0 1088, and 0 0330 Smu 
larly, for annealed iron, jft 0 =3 342 ohms, md 
the ratio R r R 0 at 273 09°, 197 8°, 80 6°, and 
20 4° K becomes respectively 1 0000, 0 6130, 

0 1033, and 0 0280 J T MacGregor - Morris 
and R P Hunt, A R Meyer, and J W Donald 
son studied the conductivity of iron 

G K Burgess and I N Kellberg measured 
the variations m the electrical resistance of elec 
trolytic iron with variations of temp , i e the 
temp coeff of the resistance, a=(jR 100 ~J? 0 )/100i? 0 , 
between 0° and 950°, and found that the value 
of a increases at a gradually increasing rate until 
the neighbourhood of the first critical region [A£ 
is reached — Fig 260 This region is characterized by a pomt of inflexion on the 
curve at 757° As the temp is further increased, there is an abrupt fall m the 
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value of a at about 894°, and the reverse change occurs at approximately the 
same temp when the temp is allowed to fall This second critical region (^ 3 ) 
extends over an interval of 25° Whilst the change A 2 is reversible and does 
not appear to be associated with any alteration m crystalline structure, the 
change A 3 seems to be progressive and (thermoelectrically) non-reversible, and 
furthermore it is associated with a change m crystalline form A R Meyer’s 
results are represented by the dotted line, ABC , Fig 260, where the transition 
temp is 710° K Tamaru gave 32 7x10“ 6 ohm for the sp electrical resistance 
of austenite m a 0 5 per cent carbon austenitic steel , and K Honda gave 20 8 x 1 0~ 6 
for the resistance of martensite W Gerhch’s values for the relation between 
the temp coeff of the resistance, doft/dT, sre given m Fig 261 , and, for comparison, 
the dotted line represents the sp ht 

W Kohlrausch, and J Hopkmson also observed that there is an abrupt change 
m the electrical resistance of iron at the critical temp A Gofley and F C Thomp 
son, and F C Thompson and E Whitehead observed discontmuities in the resistance 
of mild steel at approximately 60°, 120°, 170°, 260°, 320°, 360°, and occasionally 
at 90°, 200°, and 230° These values vary according to the rate of heating With 
high-carbon steels, there are well defined pomts at 50°, 90°, 120°, 160° (often a 
double point), 200° to 190°, 220°, 250°, 300°, and 350° Electrolytic iron gave 
peaks at 70°, 120°, 170°, 230°, 290°, 310°, and 350° (usually a double peak) There 
are also indications of breaks at 200° and 300 ° — vide supra P Fournel observed 
singularities in the temperature resistance curves for steels with 
vol xm 


o 
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CJaibon 

0 0b 

Oil 

0 22 0 37 

1 05 pei cent 

Ai 

— 

670° 

695 c ) 

A 

775° 

780° 

740°}' 730° to 770° 

730° to 750° 

a 3 

880° 

890° 

790°) 



In addition to the observations of G K Burgess and I N Kellberg on the 
breaks m the electrical resistance of iron as the temp passes through the critical 
points, discontinuities were also observed by W Broniewsky, E Hall, B Y Hill, 
and 0 Boudouard A von Hippel and 0 Stierstadt studied the conductivity m 
the vicinity of the y-\ 3 transition temp K Bomemann and K Wagemann 
measured the conductivity of molten iron , F Skaupy and 0 Kantorowicz, and 
0 JaamaaandY E G Lemberg, the resistance of finely-powdered iron, H Kamura, 
of hydrogen reduced iron , F Sauerwald and S Kubik, and F Skaupy and 
0 Kantorowicz, the resistance of powdered iron under pressure , and H B Pea 
cock, and J Kramer and H Zahn, the resistance of thm films 

According to C Benedicks, if an electric current passes through a homogeneous 
metallic conductor, with originally a uniform temp throughout, it generally exerts 
a transport of heat m its own direction, or else m the reverse direction, accordmgto 
the nature of the material If the transport of heat is positive as m the case of 
copper, and some lands of carbon steel, the temp decreases, m the direction of the 
current, but if the transport is negative, the temp increases m the direction of the 
current 

L Campredon observed that the conductivity of steel diminishes with mcreas 
mg proportions of impurities, manganese being specially deleterious H le Chatelier 
concluded from his observations on the effect of additions of carbon that m annealed 
carbon steels, the progressive addition of ceraentite caused a lmear increase m the 
resistance of iron corresponding with 7 0 microhms per cm cube per 1 per cent 
of cementite, and, by extrapolation, he concluded that the sp resistance of 
cementite is 45 0 microhms, and that of ferrite, 9 5 microhms E Gumlich plotted 
the results of his own observations, and also those of J Hopkmson, and H le 
Chatelier, and concluded that the values for the electrical resistances lie on a straight 
line for proportions of carbon increasing up to 1 per cent at the rate of 6 microhms 
per cm cube Above 1 per cent of carbon, the slope of the curve is less steep 
F Stablem said that the sp resistance of the carbon steels is a lmear function of the 
proportion of carbon, with a break at 0 9 per cent E Gumlich’ s later results for 
the resistance R , and the temp coeff a, for steels cooled slowly from 930°, and for the 
resistance R ', and the temp coeff a', for steels quenched from 850°, give curves 
which have a break at about 0 9 or 1 0 per cent of carbon E Gumlich gave for the 
resistance of purified iron, R=0 0994, and for alloys with p per cent of carbon, 
R=0 105+0 03p+0 02 p 2 for alloys slowly cooled from 930°, and iJ=0 103+0 016p 
+0 236j? 2 for alloys quenched from 850° The break m the curve for the hardened 
alloy is dependent on the quenchmg temp With higher quenching temp , when the 
whole of the carbon as well as hypereutectoidal cementite is m solid soln , the 
resistance curve is said to be a straight line P Saldau found an average increase 
of 9 0 microhms per cm cube for 1 per cent of carbon , and he observed a small 
peak at the eutectoidal composition His steels weie heated up to and cooled down 
from 1000°, so that they do not represent normal annealed steels K Honda and 
T Simidu’s observations indicate an increase of about 4 or 5 mic ro hms per 1 per 
cent of carbon The slope of E D Campbell’s curves correspond with an increase 
of about 4 5 microhms per cm cube for 1 per cent of carbon The variable results 
here indicated for annealed steels are possibly connected with different conditions of 
annealing A L Norbury represented E I) Campbell’s values for carbon steels, 
water-quenched from 900° and 1100°, and showed that the resistances do not lie on 
a straight line, but rather on a curved Ime This is also in agreement with 
* Saldau’s, and E Gumlich’ s results for water quenched steels A Michels, 
and E L Dupuy found that cold- work — e g drawing into wire — decreases the 
resistance, and L Guillet and M Ballay found that the percentage increase m the 
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resistance of iron due to cold woik is 0 50 G Tammaun and M Strauinams studied 
the effect of cold work on the resistance E 1) Campbell found that at 1100 
1 per cent of carbon increases the lesistance of iron by about 34 microhms 

B I) Enlund found the sp electrical resistance, R } microhms, of annealed uul 
quenched stals 


Caibon 

1 50 

1 22 

0 8S 

0 83 

0 58 

0 35 

0 21 per cent 

Annealed 

25 2 

20 3 

19 1 

17 8 

16 7 

17 0 

17 8 

Quenched 

56 0 

45 0 

37 0 

34 3 

26 4 

210 

17 6 


and the effect of annealing temp is summarized in Fig 262 This shows that m 
all cases there are two breaks, one between 110° and 120°, and another between 
250° and 260° The breaks correspond 
with the precipitation of cementite ac- 
companied by an increased conductivity 
The first break is assumed to be due to 
the transformation of martensite into 
austenite, and the second to the split- 
ting of austenite mto a-iron and cemen 
tite The second bend with mild steels 
is quite distinct, showing that these 


steels are not free from y iron The 
subject was studied by L Grenet, 

A Schulze, and G Dillner and A F En- 
strom, the effect of repeated heating 
and cooling on the resistance of iron, 
by H Tomlinson, the resistance of 
plates, by G Haufe , and the resistance 
of thm films, by J C Steinberg, and 
J Kramer and H Zahn W Geiss and 
JAM van Liempt found that the 
variations in the electrical conductivity 
produced by cold-work cannot be ade- 
quately explamed by changes m the 
atomic distances, but they assume that a kind of amstropy is induced at the surface 
of the crystallites 

E D Campbell obtained the results indicated m Table XXXIX, for steels 
quenched from 892° and tempered at different temp The calculated values for 



Fig 262 — The Effect of the Annealing 
Temperature on the Resistance of Steels 


Table XXXIX — The Effect or Heat treatment oh the Specific Resistahce 

of Cabbon Steels 


Carbon 
(per cent ) 

Quendied 
from 892° 


Be heated to 



800° 

105 

195° 

295 

400° 

492 

600 

700 

0 01 

11 12 

10 94 

10 81 

10 83 

10 78 

10 75 

10 69 

1 

10 7S 

10 70 

0 30 

16 13 

15 56 

H96 

13 80 

13 55 

13 04 

12 S4 

12 04 

13 20 

0 35 

17 59 

16 67 

16 05 

15 11 

14 80 

14 37 

14 25 

14 27 

14 51 

0 41 

18 91 

17 70 

16 94 

15 69 

15 H 

14 82 

14 51 

14 47 

14 98 

0 57 

22 31 

19 92 

17 OS 

16 24 

15 00 

15 02 

14 71 

14 67 

15 11 

0 94 

15 95 

27 97 

22 40 

19 42 j 

1 18 37 

17 60 

10 05 

16 19 

17 23 

1 04 

41 92 

33 02 

25 73 

21 82 I 

20 62 

19 92 

19 60 

19 03 

19 08 

2 71 | 

1 

52 59 

42 65 

32 49 

27 41 

1 26 17 

24 94 

24 21 

22 57 

20 82 


the annealed steels are made on the assumption that m the second and third cases, 
it is assumed that 0 07 per cent of carbon remains m sohd soln , and m all those 
containing more than 0 45 per cent of carbon, 0 27 per cent remains m solid soln 
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Carbon 

0 04 

0 36 

0 41 

0 57 

0 7b 

0 945 

1 05 pei cent 

SC 

0 076 

0 461 

0 521 

0 678 

0 901 

1063 

1 174 

p (Obs 

U \Calc 

11 10 

17 63 

18 46 

2141 

30 95 

36 82 

40 07 

9 63 

19 96 

21 66 

25 78 

31 75 

36 09 

39 06 

x> /jObs 

10 6b 

14 38 

14 45 

14 78 

17 26 

17 23 

17 50 

* \Calc 

9 63 

12 46 

12 45 

17 72 

18 bl 

18 00 

18 16 


The results are taken to mean that it is not the atomic concentration of the carbon 
which determines the efiect of the solute on the sp resistance Equimolar 
concentrations of carbides in soln exert an equal influence on the sp resistance 
A comparison of the values for the sp resistances, R, of steels quenched from 907° 
and tempered at 105°, and the sp resistance, R\ of steels annealed at 880° 


Carbon. 

0 04 

0 35 

0 41 

0 57 

0 76 

0 945 

1 05 per cent 

^ { 95 ° 

10 90 

16 83 

17 89 

19 87 

25 75 

27 31 

29 19 

15 11 

21 12 

22 25 

24 23 

30 35 

31 98 

33 83 


10 66 

14 38 

14 45 

14 78 

17 26 

17 23 

17 56 

14 65 

18 42 

18 48 

18 82 

2151 

21 51 

21 82 


shows that the increase in the sp resistance between 20° and 95° ranges m all cases 
between 0 057 and 0 067 per degree, and the deviation from the value with almost 
pure iron is very small This is taken to mean that the increase m the sp resistance 
with the rise of temp is almost wholly due to the increase in the sp resistance of 
the solvent, while that component of the total sp resistance due to the solute m 
solid soln is only slightly afiected by the rise of temp 

The influence of the heat-treatment on steels was examined by C Benedicks, 
O Boudouard, H le Chatelier, L Campredon, H A Dickie, K Honda, J Hopkm 
son, W H Johnson, W Koster and H Tiemann, A Martens and co workers, 
E Maurer, F Osmond, W Rohn, R Schneider, T Swmden, and O Tammann 
and co workers V Strouhal and C Barus gave for the resistance, R microhms, 
and the temp coeff , a, of steels 


Annealed 

A 


GUss 

hard 

Light 

yellow (220 ) 

bellow 
(250 ) 

Blue 
(800 ) 

Light 
blue (320 ) 

Soft 

45 7 

28 9 

26 3 

20 5 

18 4 

15 9 

0 00161 

0 00244 

0 00280 

0 00330 

0 00360 

0 00423 


1 Iitaka studied the electric conductivity changes which accompany the cementite 
transformation E D Campbell found the data of Table XXXIX for the sp 
resistance, m microhms per cm cube at 20°, of steels quenched from 892°, and 
tempered or annealed at the indicated temp The result shows a close relation 
ship between the concentration of the carbides m solid soln and the sp resistance 
The divergence at 800° is attributed to the segregation of the carbides into 
relatively large masses, and although the precipitation would be nearly complete, 
the separated cementite consists of carbides saturated with iron in solid soln , and 
this causes an increase m the sp resistance H le Chatelier, C Benedicks, 
E Maurer, E D Campbell, and A McCance also showed that the electrical resist- 
ance of hypoeutectoidal steels increases with the temp of quenching 

O von Auwers and G J Sizoo measured the effect of gram size on the sp elec 
tncal resistance of iron, but obtamed no appreciable difference f K 1 Mousson 
and O Chwolson found that the sp resistance of diawn wire is smaller in the hard 
tempered state than that of the same wire m the soft state P Goerens observed 
that the change m the electrical conductivity of various steels induced by cold 
working is too email to be detected , and that the effect of the temp of annealing 
is to produce a fall m the sp conductivity from 12 25 to 11 90 correspondmg with a 

2 8 per cent reduction m the conductivity in the neighbourhood of 520° 
E Maurer’s observations on the percentage change m the resistance of austenite 
with variations m the annealing or tempering temp , and the observations of 
J H Andrew and co-workers, and others are summarized m Table XXXIX 
The effect of annealing was studied by I P Parkhurst , and the effect of the 
duration of the period of heating before quenching, by A M Portevm H Kleme 
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found that the electrical resistance of iron annealed m vacuo increases linearly if 
it be allowed to stand m air over a period of 5 days The effect is due to the 
absorption of gases Similarly, if the gassed metal is re heated in vacuo, the 
resistance falls 

K Honda and T Sunidu obtained for the sp resistance, R, m 10“ 5 ohms per 
cm cube at 30°, of iron with the following proportions of carbon, silicon and 
manganese, as forged, and as annealed at 900°, and quenched at 900° 


0 

14 

0 

18 

0 

44 

0 

64 

0 

80 

0 

94 

1 

30 

1 

50 per cent 

1 

01 

0 

54 

1 

35 

0 

39 

0 

50 

0 

61 

0 

57 

0 

47 at per cent 

1 

91 

1 

75 

2 

32 

1 

78 

1 

91 

1 

99 

2 

09 

2 

18 

1 

91 

1 

75 

2 

14 

1 

77 

1 

92 

1 

99 

2 

18 

2 

18 

1 

93 

1 

77 

2 

41 

1 

82 

2 

02 

2 

30 

2 

23 

2 

50 



Carbon 
[Mn+Si] 

{ Forged 
Annealed 
Quenched 

J H Andrew and co woikers measured the sp resistance of a number of steels 
quenched and tempered at different temp , and the results with carbon steels 
show that the sp resistance of hypereutectoid steels is mcreased by raising the 
quenching temp , and that with hypoeutectoid steels, the sp resistance is decreased 
by raising the quenching temp E D Campbell, and P Saldau reported that m 
hypoeutectoid steels, the raising of the quenching temp increased the sp resistance , 
H le Chatelier, C Benedicks, and A McCance, that this treatment made no change 
m the sp resistance , whilst J H Andrew and co workers observed this treatment 
depressed the sp resistance The annealed 
carbon steels show a break at the eutectoid 
concentration, and beyond this percentage of 
carbon, the resistance increases less rapidly with 
the proportion of carbon The amount of car 
bon dissolved m a-iron increases with the carbon- 
content up to 0 9 per cent when further additions 
produce only free cementite The sp resistance 
of carbon steels, tempered for 6 hrs at 240°, 
shows that some carbon steel remained in soln 
m the tempered steels, although tempering was 
practically completed for that particular temp 
To compare these results with those obtamed 
by others, J H Andrew and co workers recommended using the correction of 
G K Burgess and co workers, E Gumlich, and H le Chatelier for^silicon, where 
1 per cent silicon raises the resistance 13 5 microhms , that of E d’Amico, where 
1 per cent of phosphorus raises the resistance 11 0 microhms , and that of 
W F Barrett and co workers, G Lang, and T Matsushita, where 1 per cent of 
manganese raises the resistance 5 5 microhms C Benedicks corrections apply 
for carbon steels, but not for alloy steels The resistance curves of the annealed 
steels are similar , there is first a rapid increase and then a slow fall, or almost 
a constant value In the curve for 1 6 per cent carbon some austenite was 
retained after the quenching, and the other curves are typical of the tempermg of 
martensitic steels W Fraenkel and E Heymann measured the electrical resist 
ance, R, of a steel containing 0 80 per cent carbon, and 0 50 per cent manganese, 
and quenched from 800°, at different stages of the annealing process C Barus, 
and L C Brant observed that glass-hard steel gradually softens at ordinary temp 
when kept for prolonged periods Thus, the curve, Fig 263, represents the sp 
resistance of two glass hard, steel wires over a period of 30 years 

K Takahasi observed minima m the changes m the electrical resistance of 
electrolytic iron, armco iron, and 0 1 and 0 3 per cent carbon steels at 
different temperatures The minimum for electrolytic iron is at 750 , q for armco 
iron, at 680° , for 0 1 and 0 3 per cent carbon steels, respectively, at 650 and 620 
The change of electrical resistance of a metal produced by cold-working has been 
attributed to the orientation of the minute crystals of which the metal consists 
That is, by drawing, the minute crystals of the metal arrange themselves m a certain 


J 7m J835 1305 

Time Jn years 

Fig 263 — The Effect of lime on 
the Electrical Resistance of Hard 
Steel 
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direction parallel to each other and aho to that of the cold-drawing The electrical 
resistance of the crystals is assumed to be greater in this direction than in all others 
and hence the resistance of the metal increases in the direction of the cold-working' 
If, however, the metal is recrystallized by annealing, the orientation of the crystals 
has no longer a definite direction and the electrical resistance decreases Against this 
view, K Takahasi said that the anisotropic nature of the electric resistance of 
crystals belonging to the cubic system is not m agreement with observation 
Besides, the change of resistance of a cold-worked metal by ^as no 

intimate relation with the recrystallization of the metal According to 6 Tam 
mann and co-workers, the change is not due to the internal stresses produced by cold 
working because, in a metal severely cold drawn, there is tension m the outer portion 
of it, and compression in the inner, and the equilibrium is maint ain ed elastically 
In this case, the change of resistance due to elastic tension and compression is equal 
in magnitude and opposite in sign, and these two effects cancel each other It is 
not reasonable therefore to attribute the cause of the change of resistance to the 
internal stress K Takahasi bases his explanation on the fact that a severely 
cold-worked metal generally consists of a large number of minute groups of crystals, 
m each of which one portion undergoes a tension and the other portion a compression! 
these two balancmg each other, so that the lattice expands in one portion and 
contracts in the other Now, according to the ordinary law of atomic force, the 
expansion of the lattice is somewhat greater than the contraction for the same 
strength of tension and compression Hence, the lattice expands as a whole, 
cold working thus causing a diminution of density Again, each atom of a metal 
consists of a nucleus and bound electrons revolving around it , the mutual distance 
of these atoms is very small, but comparable with the diameter of the orbit of outer 
electrons , hence, some of these electrons may stray off from the atom, to which 
they were originally bound, through the attraction of the nuclei of other atoms, and 
play the role of free electrons, thus conducting electricity through the metal When 
the distance of these atoms is increased by cold-working, some of the free electrons 
may be caught agam by an atom and the number of free electrons be 6.immi8h.ei, 
an increase of electrical resistance being thus caused by cold drawing As the 
decrease of density caused by cold-drawing does not increase beyond a certain limit, 
the increase of resistance also cannot exceed a certain limit Agam, the electrical 
resistance is affected by the fibrous structure , as mentioned above, a metal which 
has undergone a severe cold working has a fibrous structure , the crystals are 
broken up into small pieces which are elongated m the direction of the drawing 
Hence, in this direction, the number of crystal boundaries is much less than that m 
he perpendicular direction, so that the specific resistance will bo less m the direction 
o the drawing than m all other directions As the degree of cold drawing increases, 
the crystals become more and more elongated in the direction of the drawing, and 
thus the specific resistance m this direction always diminishes Besides, insoluble 
impurities which have been segregated in a thin layer in the crystal boundaries and 
have prevented the flow of electricity, are broken up by cold drawing and thus 
dunmish the electrical resistance on the crystal boundaries These two effects of the 
fibrous structure of metals are thus the cause of diminishing the electrical resistance 
in the severely cold-drawn metals Hence, the cold drawing produces, on one 
hand, an increase of resistance by internal strain, and, on the other hand, a decrease 
i 0 x & ^krous structure , as the result of these two opposite effects, the 

electrical resistance first increases and reaches a maximum, as the degree of cold- 
workmg increases, and afterwards begins to decrease For C Nusbaum and 

r? 1 the efEect of coolm g “ euteotoid carbon steel at 
diffment rates, mde Table XLI, magnetism 

w~, Sr^ bS6 T d tKat resistance of iron decreased when the metal was 
ZZ? ^ «£!jf ced p I es ! * * nd Phenomenon was traced to the effect of absorbed 

ft^nT,87,i tta ^ Studled J the efi , ect , ? f bgl1 S as P ress w F Barrett found that 
the conductivity of iron is diminished by alloying it with another metal, even though 
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that metal be a much better conductor than iron This reduction of conductivity 
is not related to the resistivity of the added metal , on the contrary, an alloy of 
very high sp resistance can be produced by adding to iron an element of much 
lower sp resistance than the iron itself , for instance, alu minium is more than three 
times a better conductor than iron, yet the addition of 5 per cent of aluminium to 
iron makes the conductivity of the alloy five times worse than that of iron The 
greatest reduction in conductivity in a given alloy is produced by the first increments 
of the added elements A relationship appears to exist between the sp ht of the 
added element and the resistance of the alloy formed with the iron Thus, the sp 
resistance of an alloy of 5 5 per cent of aluminium with iron is 70 microhms , the 
same amount of silicon with iron gives an alloy with a resistance of 65 microhms , 
of manganese with iron, 38 microhms , of nickel, 27 microhms , and of tungsten, 
18 microhms Now, the sp ht of these elements are aluminium 0 212, silicon 

0 183, manganese 0 122, nickel 1 109, and tungsten 0 035 Consequently, those 
elements having high sp ht , and therefore small at masses, produce the greatest 
increase in the electrical resistance of the corresponding alloy with iron 

H le Chatelier observed that equi-atomic proportions of carbon and silicon 
m soln raise the resistance of iron by the same amount He showed that in 
A Matthiessen’s resistance curves for alloys, showing the effect of composition 
on the resistance, indicates that the constituents are mechanically admixed, but 
a drop in the curves corresponds with the formation of solid soln W F Barrett 
and co workers found that the effect produced on the resistance of iron by 

1 per cent of added element is inversely proportional to the at wt of the latter, 
and that the increase m sp resistance follows the same order as the increase 
in sp ht C Benedicks suggested that equivalent quantities of foreign elements 
dissolved m iron cause the same mcrease m resistance The rule is based on 
the assumption that equi-atomic solutions m iron possess equal resistances , the 
subject was discussed by E D Campbell If EG denotes the summated values 
of all the elements dissolved in the iron expressed m terms of carbon, and if 25 8 
represents the mcrease in resistance caused by the presence of 1 per cent of carbon, 
then, if 7 6 microhms per cm cube represents the resistance of iron alone, the 
resistance of the alloy will be represented by Benedicks’ rule R—l 6+25 SEC 
The carbon value is obtamed by dividing the percentage proportion of the element, 
here represented by the chemical symbol m brackets, by its at wt , and multiplying 
the result by 12, the at wt of carbon, e g EC=[C] +0 42Q0[Si]+0 2184[Mn]+ 

The rule was found to apply fairly closely for solid soln containing C, Al, Si, P, Cr, 
Mn, Co, Ni, As, Mo, and W C Benedicks said that it is difficult to fix the upper 
limit of the validity of the rule It applies to dil soln Probably EG will exceed 

2 per cent , but not 3 per cent He also observed that iron carbide or cementite 
does not appear to exert any influence on the resistance so long as it is isolated within 
the mass of the iron, but A M Portevm found that the structure has a considerable 
influence on the nature of the variations m resistance due to the addition of elements 
to iron — vide infra Agam, C Benedicks’ extrapolated value, 7 6 microhms per cm 
chJdc> for the resistance of iron is much lower than the observed value about 10 0 
microhms per cm cube C Benedicks said that the difference can be explained by 
remembermg that the higher value would be lowered to the extrapolation result by 
admitting the presence of only 0 004 per cent of hydrogen in solid soln A Sieverts, 
however, heated iron wire m hydrogen between 20° and 920°, but could not detect 
any appreciable alteration in the electrical resistance H Jellmek found that the 
electrical resistance of iron shows an 8 9 per cent mcrease when the press of the 
hydrogen rises from 0 to 35 atm , and m nitrogen, a decrease of 4 5 per cent 
between 0 and 15 atm press , and an mcrease of 13 3 per cent between 15 and 
20 atm press T Sexl studied the effect of adsorbed gas on the resistance of iron 
T Skutta observed that the resistance of steel, m atm of hydrogen and nitrogen, 
at press up to 30 atm , is augmented, and that with hydrogen a stable soln is formed 
The extrapolation is based on the assumption that the resistance curve is a straight 
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line, but this assumption is not quite correct H Masumoto s observations extra 
polated for cementite, Fe 3 C, gave R=0 0 3 14 ohm per cm cube , and F Stablein’s 
observations, 0 0 4 7 ohm per cm cube 

Other methods of calculating the electrical resistance of steels from the chemical 
composition were discussed by P Mahler, J H Partridge, F Stablem, M A Hunter 
and A Jones, L Guillet, E D Campbell and W C Dowd, C H Risdale, 
C H andN D Risdale, K Honda and T Simidu, andO Boudouard H Masumoto 
gave J2 = 1 044 + 0 548[CJ] + 1 527 [Si] +0 718[MnJ + T D Yensen gave 
B==9 6+82 5[CJ]+4 5([CJ — 0 02), where [C] denotes the excess of carbon under 

Table XL — The Effect or Added Elements on the Electrical Resistance 

of Iron 
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— 

12 0 

— 

— 


G K Buigoss, etc 


— 

13 0 

15° 


- 

P Paghanti 


— 

13 0 

20° 

-- 

i 

1 D Yensen 


— 

14 0 

20° 

- 

— 

E Gumlich 


— 

13 5 

— 

382 

6 9 

A L Norbuiy 

Phosphorus 

3X0 

110 

— 

341 

6 1 

E d’Amico 

Vanadium 

51 1 

50 

— 

255 

46 

A M Portevm 

Chromium 

52 0 

54 

12° 

281 

50 

A M Portovm 

Manganese 

54 9 

5 0 magnetic 

— 

— 

— 

H le Chatelier 

* 

— 

3 5 non magnetic 

— 

— 

~ 

W F Bairett 


— 

50 

18° 

— 

- ! 

G Lang 



55 

55 

20°) 
30° \ 

302 

54 

i 

T Matsushita 

* 

Nickel 

— 

50 

20° 

275 

4 9 

E Gumlich 

58 7 

15 

— 

— 

— 

A M Portevm 

»> 

— 

15 

30° 

88 

1 5 

K Honda 

Cobalt 

59 0 

10 

30° 

59 

1 0 

K Honda 

Copper 

63 0 

3 0 or 4 0 


- 


G K Burgess, etc 

»» 

— 

40 


254 

45 

R Ruor, etc 

Molyb 






denum 

96 0 

3 4 (approx ) 

37° 

326 

5 8 

A M Portevm 

Tungsten 

j 184 0 

1 1 

18’ 

- 


W F Barrett, die 

»> 

; — 

15 

15° 

276 

4 9 

A M Portevm 

Gold 

197 2 

1 1 


217 

39 

W Guertler 


002 per cent, and [CJ, the excess of carbon over 0 02 per cent , and 
E D Campbell and H W Mohr, i?= 10 44+3 7[C] for [C] up to 1 1 per cent , and 
51+7 8([C 1 ] — 1 1) for [CJ between 1 1 and 1 5 per cent The results of a 
number of observations on the effect of additions of various elements on the 
electrical resistance of iron, compiled by A L Norbury, are given m Table XL, 
and the summary in Fig 264 shows that equi atomic proportions of the different 
elements m solid soln m iron do not increase the electrical resistance to the amount 
required by C Benedicks’ rule A factor dependent on the atomic properties of the 
particular elements m solution seems to determine the increase in the atomic 
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resistance 15 D Campbell pointed out that C Benedicks’ rule that equi-atomic 
concentrations m iron possess equal resistances, assumes that the elements other 
than iron are wholly m soln , and that each atom exerts an equal influence on the 
resistance He compared the sp resistances of steels hardened by quenching and 
when annealed, and added that m order 


that the elements may be m soln as com- ^ 
pletely as possible, the sp resistance *| 
under consideration must be that of ^ 
steels m the hardened condition Even | 
then, however, there are such wide differ ^ 
ences between the observed and calculated 
values that he said “ the formula of § 

C Benedicks cannot be considered as ^ 
being of any particular significance ” 

K Honda and T Simidu, E Gruneisen Fig 264 — The Increase m the Specific 
and E Goens, and H Masumoto com Resistance of Iron by the Addition of 

pared the electrical and thermal con LZZf aXv^ Element “ 10 ° 
ductmties from the point of view of 

G Wiedemann and R Franz’s rule — vide supra , thermal conductivity W Bro 
niewsky compared the sp vol and resistance of metals 

A M Portevm found that the electrical resistance of alloy steels varies with the 
nature of the added elements, and with the microstructure produced by quenching 
As a result, the following types can be distinguished 

1 Pearlitic steels — The resistance increases -steadily with an increase m the 



percentage of the added element, and may be represented in terms of the latter 
factor, by a linear formula, or by a parabolic formula the coeff of the squared term 
of which is small (al umin ium steels) On quenching the steels, the resistance 
increases correspondmg with the passage mto solid soln of the available carbon of 
the carbide It was possible, in most instances, to verify the fact stated by C Bene- 
dicks, that steels with about 0 8 per cent of carbon m the normal state contain about 
0 27 per cent of their carbon m a state of solid soln The presence of certain 
elements, such, for instance, as molybdenum, appears to modify the latter figure 
2 Martensitic steels — The increase m the electrical resistance with that in the 


percentage of the special element is smaller than m the case of the pearlitic steels 
The variation in the resistance on hardening is practically nil for the steels contain- 
ing a low percentage of carbon, as may be very cleariy seen with pearlitic steels 
containing the same percentage of carbon For the martensitic steels with 0 8 per 
cent of carbon there is an increased electrical resistance on hardening, the magnitude 


of which decreases in proportion as the percentage of the special element becomes 
higher Not all th§ carbon of the martensitic steels is therefore in soln This fact 
corresponds, likewise, with the hardening which occurs on quenching the marten- 
sitic steels , this is seen, m particular, with those steels which border closely on 


the pearlitic steels 

3 Polyhedral steels — The polyhedral steels are distinguished by a rapid rise 
m the electrical resistance, with the rise m the percentage of the added element 
On hardening they undergo no variation, or only a slight diminution This diminu- 
tion corresponds with the appearance of martensite, in lanceolate crystals, and 
occurs m steels which border closely upon the martensitic class 

4 Double carbide steels — Two conditions may be distinguished (a) The addition 
of the special element betrays itself by an increase in the amount of carbide 
(chromium and tungsten steels and vanadium steels with 0 8 per cent of carbon and 
less than 5 per cent of vanadium), while the electrical resistance remains practically 
constant or undergoes but slight increase (6) With increasing proportions of the 
special element the amount of carbide varies but slightly (vanadium steels with low 
percentages of carbon and vanadium, and steels with 0 8 per cent of carbon and over 
7 per cent of vanadium), and there is then seen a notable increase m the electrical 
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resistance which corresponds with the increased cone of the solid soln surrounding 
the carbide The variation in the resistance on hardening depends both on the 
nature of the constitution which surrounds the carbide, and on the solvent capacity 
of this carbide lie pearlitic steels and those containing the carbide undergo an 
increase in their electrical resistance on hardening, corresponding with that of the 
ordinary pearlitic steels, to which has, at times, to be added that which results 
from the soln of the carbide (vanadium steels) Steels with a martensitic basis 
display a sma ller increase m electrical resistance on hardening than those of the 
preceding category 

Steels consisting mainly of a solid soln do not, generally speaking, undergo any 
change on hardening It is necessary m this connection to point out that the soln 
of carbon on hardening depends on all the phases of the heat-treatment temperature 
of heating , duration of heating , rate of cooling , and rate of traversmg the critical 
point It is not possible, therefore, definitely to pronounce upon the influence of 
this treatment on the electrical resistance, except after experiments in which these 
different factors had been varied From what has been said it will be seen that 
C Benedicks’ law which expresses linearly the variation of the electrical resistance 
m terms of the percentages of the elements in solid soln m the iron, can only be 
applied in the case of low percentages of the special elements The limits of its 
applicability may, m the case of steels containing low carbon percentages (0 2 per 
cent ), be fixed approximately as follows nickel steels less than 2 0 per cent , 
chromium steels less than 1 0 per cent , tungsten steels 7 0 per cent , aluminium 
steels 1 0 per cent molybdenum steels 5 0 per cent , vanadium steels 3 0 per 
cent , titanium steels less than 0 5 per cent , and boron steels less than 0 2 per 
cent Below these amounts the increase m the electrical resistance for each per 
cent of the element added agrees m a satisfactory manner with that calculated from 
C Benedicks’ formula, which thus appears to be chiefly a limiting formula to which 
an approach is made whenever the percentage of the added element decreases 
It is the equation of the tangent of the commencement of the curve representmg the 
electrical resistance m terms of the percentage of the special element Observations 
were made by B V Hill 

0 Chwolson discovered a minimum in the resistance curve of steel when 
tempered below 350°, and C Fromme observed a maximum in the sp gr curve 
in the same region There is a rough sort of proportionality between the sp gr 
or sp vol and the resistance Thus, with C Fromme’s data, for steel 


Commercial Glass 

soft hard 

Sp gr 1 00000 1 00772 

Resistance — 46 


Annealed 

/ * v 

Yellow (250°) Blue (300 ) Grey (350 ) Soft 
1 00347 1 00217 0 99967 — 

26 20 18 16 


Y Strouhal and 0 Barus studied the relation between specific gravity , and electrical 
resistance, and failed to find an immediate relation , and they also showed that 
the temp coeff of the electrical resistance decreases m proportion as the electrical 
resistance decreases, or as its hardness increases at a rate which diminishes in 
passing from soft to hard steel — mde supra 

N S Kumakoff and S F Schemtschuschny showed that m solid soln of the 
metals, there is a relation between the electrical resistance and the hardness , smee 
these two properties usually vary in the same proportion Comparmg the hardness 
of alloy steels observed by L Guillet with the resistance curves, A M Portevm 
observed that in their general characters, the curves present an air of family like- 
ness, notably m the case of chromium steels, and tungsten steels containing 0 8 
per cent of carbon, and alumi n ium steels with 0 2 per cent of carbon Notable 
points of difference occur with the nickel steels It is therefore inferred that these 
two physical properties — electrical resistance and hardness — are functions of a 
large number of variable factors, and that amongst those variable factors, there are 
certain common ones whose influence, when not masked by that of others, reveals 
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itself by d correspondence in tlie appearance of the curves of variations in resistance 
and hardness 

P W Bridgman examined the effect of temp and pressure on the electrical 
resistance of iron with less than 0 03 per cent of impurity, and con s istin g entirely 
of ferrite The results show that for press , p kgrms per sq cm , the press coeff 
are 


R 

Press 

Coeff 


[2>=0 
= 12000 
[Average 


0 

1 0000 
-0 0 6 2405 
-0 0 6 2119 
— 0 0 6 2262 


25 

11416 
-0 0 B 2420 
-0 0 6 2150 
-0 0 5 2286 


50 

12918 
-0 0 6 2436 
-0 0 6 2180 
-0 0 5 2308 


75 

14619 
-0 0 5 2461 
-0 0 5 2209 
-0 0 5 2330 


100 ° 

1 6206 
-0 0 fi 2468 
-0 0 6 2238 
-0 0 5 2363 


These results correspond with an average temp coeff of 0 006206 between 0 ° and 
100 ° and for the average press coeff , —0 0 5 246 The value of the press coeff 
of the resistance of iron, R~^(dRldp) i is related to the change in the conductivity 
and compressibility, dvjdp , by the expression R^dR/dp) =K^(dK!dp) +&v{dv[dp ) , 
where K denotes the conductivity , v, the volume , and p, the press U Fischer 
gave for the press coeff , — 10~ 7 dR I Rdp— 21 6 at 273 1 ° K , 23 7 at 198° K , and 
34 4 at 81° K P W Bridgman obtamed for the average press coeff at 
0°,— 7 84°, and —182 9°, at press up to 7000 kgrms per sq cm, — 0 0 5 234, 
—0 0 5 227, and —0 0 5 234 B Beckman observed —0 0 6 2405 for the press coeff 
E D Williamson found the ratio of the resistances at 1 and 12,000 kgrms per 
sq cm press to be 0 9729 A T Waterman, and A Schulze discussed the 
conductivity as a function of press in accord with the electron theory The effect 
of cold work on the electrical resistance was studied by P Bardenheuer and 
H Schmidt A Campbell measured the Joule heatmg effect of currents 
6 R Wait and co workers observed that exposure to radio-frequencies had no 
eifect on the resistance 

H Rolnick, R S Bedi, J Russner, and W H Johnson studied the effect of 
tensile stresses on the electrical resistance of iron H Tomlinson observed that the 
temporary increase in the electrical resistance of an iron wire under tensile stresses 
where the wire is stretched m the same direction as the current, is exactly propor- 
tional to the stretching force The percentage increase in the resistance which 
occurs when a cube of the material is stretched by the same weight is greater with 
iron than with steel wire, and this increase is nearly the same for different specimens 
of the same material The percentage increase in the resistance which occurs when 
the material is stretched to the same extent is greater with iron than with steel 
wire There is in each case a residual increase over and above that which would 
follow from a mere mcrease m length or sectional area which is greater with iron than 
with steel H Tomlinson gave 2111 xlO -12 for the increase of resistance per unit 
produced by a stress of a gram per sq cm , 4 180 for the mcrease per unit of resist- 
ance which would be caused by a stress sufficient to double the length of the wire, 
and 2 618 for the increase per unit of sp resistance which would be caused by a 
stress sufficient to double the length of the wire Otherwise expressed, the per- 
centage increase m the sp resistance by a stretching force of one kilogram per 
sq cm is 0 O 5 IO 8 O for steel, and 0 0 6 1258 for iron S Fukuta found for steels 
with 0 3 to 1 5 per cent of carbon, the average 0 0 6 1139 In general, the mcrease 
in sp resistance is proportional to the applied stress , and the mcrease in the sp 
resistance decreases slightly with an increase m the proportion of carbon T Ueda 
found that the sp electrical resistance of iron and carbon steel, when stretched, 
increases as the tensile stress mcreases, and makes a discontinuous change at the 
yield-point, and afterwards mcreases The discontinuity is at first positive, and 
as the carbon-content mcreases, it becomes negative The rate of change of the 
sp resistance decreases as the carbon-content mcreases R S Bedi, and J B Seth 
and 0 Anand observed no decrease such as occurs with mckel wires m the early 
stages of the stretching A Campbell found no change m the electrical resistance 
of iron, and iron mckel wires when subjected to tensile stresses up to the breaking- 



INORGANIC AND THEORETICAL CHEMLSTR\ 


204 

point A Campbell also found that the conductivity of soft iron remained 
practically constant under the influence of tensile stresses, indicating that up to 
the breaking point the metal stretches out as if it were a liquid W Brown 
measured the effect of an electric current on the subsidence of the torsional oscilla 
tions of an iron wire 

P W Bridgman showed that the percentage change of electrical conductivity 
with loads of 2050 and 1025 kgrms per sq cm are respectively —0 518 and —0 257 
while the proportional changes of conductivity per kgrm per sq cm are respectively 
— 2 53x10“° and —2 51x10”°, the proportional changes of sp conductivity 
per kgrm per sq cm are respectively —1 82x10“° and — 1 80 x 10“° The value 
of (1+2o*)/jB is 0 71 X 10~ 6 He also found that with iron, the longitudinal fractional 
change of resistance per kgrm per sq cm is 2 13 X 10“° when the tension is parallel 
and also perpendicular to the direction of rolling, and when corrected for distortion, 
the value is 142x10 The geometrical mean of longitudinal and transverse 
fractional change of resistance per kgrm per sq cm is 0 99x10“°, or corrected for 
distortion, 0 86 X 10~°, when the tension is parallel to the direction of rolling, and 
when perpendicular to the direction of rolling, 1 33xl0~ 4 , or, when corrected for 
distortion, 120x10”“° The calculated fractional change of transverse resistance 
per kgrm per sq cm is 0 30x10“”° when taken parallel, and 0 78x10“° when 
taken perpendicular to the direction of rolling R S Bedi found that the resist 
ance of iron or steel, under a stretching load, decreases up to the elastic limit, and 
the resistance minimum coincides with the elastic limit F Credner observed that 
the decrease m the resistance of wires under tension when heated, reaches a 
mmimumwith iron at 600° — mde nickel T Ionescu discussed the Joule effect, 
W G Kannuluik, R Kikuchi, the relation between the electrical and thermal 
conductivities — vide supra , and S Procopiu, the relation between the electrical 
resistance, the sp ht , and the temp of a metal wire 

W K Mitiaeff observed an anomalous change in the resistance of iron wire at 

Wait and co workers would not verify this 
H M Brown found that a magnetic held of 
10,000 gausses increased the electrical conductivity 
0 2 per cent G Barlow, W F Barrett, H Bethe, 
L Bloch, G Borelius, H Braune, W Brown, 
M Dumermuth, J Dorfman and co-workers, 
N H Frank, W GerlachandE Englert,W Gerlach 
and K Sohneiderhan, K Ghosh, T Gnesolto, 
A Gray and E T Jones, P Kxpit/a, G Mahoux, 
J A Mathews, M Medici, E Merritt, A Perrier, 
H Sachse, K Sohneiderhan, O Stierstadt, and 
H Tomlinson studied the change of the electrical 
conductivity m strong magnetic fields - mde mfya 
O Stierstadt studied the change m the electrical 
conductivity of iron m a longitudinal magnetic 
held H H Potter measured the effect of mag- 
netization on the change of resistance and some 
results are summarized in Fig 265 The tern 
peratures are expressed m terms of the Curie 
temperature 1050° K The dotted lmes refer to the transverse and the contmuous 
lines to the longitudinal effect Near the Cune point, the value 8R/R changes less 
rapidly than the first power of H , but with rising temp the curves gradually change 
in shape until, above the Cune point, the value of 8RjR varies as J? 2 H Walker, 
and R Schenck made observations on the subject O Stierstadt observed that 
some of the anomalies observed with small fields are due to errors, mainly mcom 
plete demagnetization AGS Gwyer, A T Waterman, K Hojendahl, and 
K. F Herzfeld discussed the theory of the conductivity of metals A Eucken 
defined a metal in terms of its electrical conductivity, which term is dependent on 


radio frequencies, but G R 



netization on the Resistance 
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the presence of frn electrons Onl> a certain number of elements have^these < 
free electrons 

W Ostwald - calculated for the heat of ionization of Fe from the metal, Fe, 
m dil aq soln , +93 kilojoule, when the heat of ionization of H from H 2 is zero , 
and for the formation of Fe from Fe , -39 kilojoules J D Bernal and 
R H Fowler calculated for the ionization energy of Fe , 561 Cals per gram-ion, 
and of Fe , 1346 Cals The transport number of Fe -ions at 18° was found by 
K Szalagyi to be 50 , A Heydweiller gave 45 2 , 6 von Hevesy, 48 , and 
A Stepmczka-Marmkovic, 46 For Fe ions, 4. Heydweiller gave 61 2 at 18° , 

G von Hevesy, 45 , and K Hopfgartner, 43 

E Dubois 3 studied the Volta effect in water vapour M Andauer attributed 
the potential difference between, iron and air, of the order of 0 15 volt, to the forma- 
tion of a conducting film of gas over the entire surface of the metal M Forro 
and E Patai found the contact potential of iron and sodium to be 1 4 volts 
S J French and L Kahlenberg studied the gas metal electrode of iron with oxygen, 
hydrogen, or nitrogen T Galibourg measured the contact potential of steels of 
various kinds against mercury at temp between 20° and 320° He found the 
results dependent on the composition of the metal, but were onlv slightly affected 
by the degree of tempering He said that the steels can thus be classified without 
analyzing them G Monch gave —0 35 volt for the contact potential of iron and 
copper , G N Glasoe, 0 21 volt for gas free iron and mckel , and F Polednik gave 
1 99 volts for the contact potential of iron and quartz, and 1 15 volt for iron 
§nd glass W Ende, and R F Hanstock studied the effect of cold-work on the 
contact potentials of metals J B Seth and co workers studied the e m f developed 
by a rapidly rotating steel disc against aluminium magnesium, zinc, tin, cobalt, 
cadmium, lead, manganese, bismuth, mckel, platinum, antimony, arsenic, gold, 
tellurium, copper, and silver, and the values increase from —730 mi ll ivolt to 123 
millivolts m the order stated E Perucca, O Scarpa, A Lafay, and H F Richards 
studied the subject R D Kleeman and W Fredrickson studied the electric 
charges of colloidal particles of iron m distilled water R T Dufford studied the 
photovoltaic effect with iron m Grignard’s soln , and P E Shaw and co workers, 
the tnboelectnc effect 

When iron dissolves m dil hydrochloric acid, it forms a soln of bivalent iron, 
ferrous chloride, and assuming that the salt, under these conditions, is ionized, the 
reaction is represented Fe+2H =Fe +H 2 Salts of univalent iron are unknown 
— vide infra A unit charge is equivalent to C=96,540 coulombs, so that when iron 
passes into a bivalent charge ion, Fe , it acquires a charge of 2 X 96,540 coulombs , 
and when bivalent iron passes into a tervalent ion, Fe , it acquires a charge of 
3x96,540 coulombs From this pomt of view, iron, and the bivalent and tervalent 
charged ions, can almost be regarded as allotropic modifications of one substance 
The electrical energy or work, W, involved in the reversible transformation Fe+Fe 
is the product of the quantity of electricity, C, and the pressure E, so that the 
work W—2CE volt-coulombs E can be determined by dipping iron m a soln 
of a ferrous salt, and measuring the difference of potential of this combination 
against another electrode taken as zero Observations show that tjie difference 
of potential, E , depends on the cone , [Fe ], of the soln such that E—Eq 
+0 02885 log [Fe ] volt, where E 0 represents the value of E when the cone [Fe 1 
— ] The electrode potential of iron in a soln of a ferrous salt of cone [Fe ]=l 

is called the normal potential Since E and E$ represent differences of potential, 
their respective values depend on the electrode which is taken as zero As shown 
by R Abegg and co workers, if the normal calomel electrode, Hg HgCl N- KC1 
be taken as zero, the potential is symbolized E$ , if the dropping electrode be zero, 
E is symbolized E 0 , and if the normal hydrogen electrode be zeTO, E is symbolized 
E-& Under these conditions Er-Eo — 0 277 , E c —Eq — 0 56, so that Eji—E c -\-0 283 
R Schenck and co workers calculated from the equilibrium measurements of 
E Baur and A Glassner, and A B Lamb’s observations on the heat of formation 
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of ferrous oxide, that the normal potential Fe->Fe is En — 0 47 volt f oi iron 
m contact with a molar soln of a ferrous salt K Jellmek and H Gordon thinly 
this value is too strongly positive W H Hampton gave —0 4413 volt , C Drucker, 
—0 44 volt , and R Abegg and co workers considered —0 43 volt to be the best 
representative value for iron in contact with a normal soln of a ferrous salt at 18° 
This gives for the e m f of the transformation Kc-VFe , 

%=-0 43+^log [Fe ] volt (1) 


For a normal soln of ferrous chloride, B Neumann gave —0 361 volt, and for 
a 2^-soln , E Petersen gave — 0 337 volt F Forster found for the electrode 
potential of iron m a soln with jV-FeClg and iV’-NH 4 Cl, at the beginning, —0 492 
volt at 20°, and —0 420 volt at 75° , and after an hour’s time, respectively —0 463 
and —0 420 volt Numerous observations have been made with iron against 
soln of ferrous sulphate B Neumann obtained —0 367 volt for the electrode 
potential of iron against N FeS0 4 , M Mugdan, —0 34 volt for 0 liV r -FeS0 4 , 
E Petersen, —0 337 volt for 22V r -FeS0 4 W Muthmann and F Fraunberger 
found that iron deposited electrolytically on iron or platinum gives —0 66 volt 

This value agrees with that obtained by F W Kuster, andG Coffetti and F Forster 
showed that the high value applies not to iron, but rather to iron charged with 
hydrogen , if an allowance be made for this, the value for iron in iV-FeS0 4 is 
—0 46 volt High results for electrolytic iron were also obtained by C E Fawsitt 
S Glasstone gave for the cathode potential of iron m N-FeS0 4 at 15° for current 
densities of D amp x 10“ 4 per sq cm 


D 

0 02 N H 2 S0 4 

Pu~ 2 8 

# h =-4 0 

J>n“5 0 

0 14 

-0 46 

-0 47 

-0 47 

-0 47 

42 

-0 46 

-0 49 

-0 49 

-0 53 

84 

-0 46 

-0 52 

-0 50 

-0 58 

20 0 

-0 48 

-0 57 

-0 56 

-0 60 

40 0 

-0 53 

-0 68 

-0 68 

-0 68 

80 0 

-0 68 

-0 70 

-0 69 

-0 70 

100 0 

-0 70 

-0 78 

-0 71 

-0 71 


The overvoltages are discussed below 

O Bauer observed with electrolytic iron m a 1 per cent soln of sodium chloride 
a potential of — 0 363 volt at the start, — 0 479 volt m 1 hr , — 0 739 volt m 24 hrs , 
and — 0 755 volt in 120 hrs For cast iron, the potential at the start was — 0 628 
volt, -0 740 volt after 2 hrs , and -0 765, and -0 762 volt after 24 and 

120 hrs respectively For mild steel, with 0 036 per cent carbon, —0 575 

volt at the start , — 0 688 volt after 5 hrs , and — 0 755 volt after 120 hrs For 
0 86 per cent carbon steel, —0 528 volt at the start , —0 626 volt after 1 hr , —0 700 
volt after 5 hrs , and —0 744 volt after 120 hrs 

For an acidified soln of N- FeS0 4 , F Haber and F Goldschmidt gave — 0 453, 
for cast or wrought iron C E Fawsitt found that the proportion of carbon m 
iron had very little influence on the electrode potential , thus, with 

0 0 18 0 23 0 40 0 9 per ct nt 

■^h -0 356 -0 352 -0 352 - 0 351 - 0 350 volt 

T W Richards and G E Behr gave -0 72 to -0 74 volt , W H Hampton, 

—0 71 to 0 78 volt , K Iwase and K Miyazaki, — 0 66 to 0 669 volt , and 

*6 Sato, 0 68 volt Observations on the electrode potential of iron m soln of 
fOTrous sulphate were also made by A Fmkelstem, T f and W I Richards, 
H Endo and S Kanazawa, K Murata, E Heyn and 0 Bauer, E Grave, B Strauss, 
W J Sweeney, N T M Wilsmore,S Labendzmsky, and W H Walker and C Dill 
According to F Forster, the efEect of time on the electrode potential of iron in 
N-FeS0 4 containing 0 5 per cent of boric acid is as follows 


Tune 


o 5 45 60 120 minutes 

— 0 515 —0 479 — —0 460 —0 460 volt 

-0 480 -0 474 -0 460 -0 460 —0 460 „ 
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0 A Lobry de JBruyn <ilso noted that with 0 1 A FeS0 4 m an atm of hydrogen, 
the potential originally at —0 422 volt rises, when the soln is exposed to air, and 
attains —0 387 volt in 24 hrs 6 Grube and H Gmelin gave for a soln of 
0 0242M Na 2 Fe0 2 in 40 per cent sodium hydroxide, 0 855 volt A Fmkel- 

stein gave —0 10 volt for iron against iV-K 4 FeCy 6 , and W van Wullen Scholten 
calculated from the solubility pioduct of ferrous hydroxide, —0 569 volt for the 
electrode potential of iron against ferrous hydroxide V Nejedly gave for the 
e m f , E=1 320 volt, and for the temp coeff , dE/d6~~0 0011, for iron and a soln 
of 0 001iV-FeCl 2 and 0 OliV'-KCl According to W H Hampton, the potential 
of different varieties of iron against 
a 0 lM-soln of ferrous chloride 
were for iron amalgam, 0 8090 
volt, for finely-divided iron re- 
duced from ferric oxide, 0 8088 
volt T Mashimo observed that 
with iron electrodes m 0 5 M FeClg, 
and one electrode subjected to me- 
chanical agitation and a magnetic 
field, the potential at the disturbed 
electrode was positive, and the 
other one, negative 

H Endo and S Kanazawa 
measured the electrode potential 
of iron and steel with varymg 
proportions of carbon, and the 



Fig 266 


-The Electrode Potentials of Iron 
and Steel 


results are summarized in Fig 266 The 
electrolyte was N- FeSO* agamst a normal calomel electrode The electrolytic 
iron was re-melted Forged iron gives the largest potential, cast iron comes next, 
and annealed iron gives the smallest potential The effect of a roughened surface 
is greater than that of the carbon m steels Thus, with electrolytic neon having the 
surface polished, with electrolytic iron unpolished, and with electrolytic iron heated 
for 15 hrs at 250° to 300° in order to remove hydrogen and then polished 


riectrolytic iron 
(polished) 


Electrolytic iron 
(not polished) 


Electrolytic iron 
(dehydrogenized and polished) 


Time 

Emf 


2 

0 647 


62 

0 706 


222 
0 734 


3007 
0 738 


2 

0 656 


58 

0 740 


142 
0 755 


3143 
0 750 


5 

0 696 


79 

0 729 


372 
0 732 


3105 
0 733 


The results with annealed and with fine globularized steel having 0 9 per cent of 
carbon show that the annealed steel is at first a little more electropositive than the 
fine globularized steel, but it soon becomes electronegative, reaches a maximum, 
and then decreases to an asymptotic value 0 016 volt With coarse globularized 
steel, the potential has an opposite sign to that of the fine globularized specimen 
G N Glasoe studied the contact potential of iron and .nickel 

The normal potentials Fe-*Fe for iron in soln of feme salts, cannot be 
measured directly, because iron reduces soln of feme salts to the ferrous state 
Applying!! Luther’s study of the oxidation of iromn stages, K JeUinekandH Gordon, 
E P Abegg and co-workers, F Auerbach, and C Drucker found that the resultant 
of the operations Fe^Fe and Fe ^Fe is Fe?=Fe , so a ® ^, or » > 

will be Fhv-tta 4-Fi’« - Fe If 0 denotes unit charge, 2GE^ e -^ e +OA Fe -Fe 
=3 cLZl Tot fC-Fe =H2 JWfo +%e ^Fe ) Again, for the reaction 

•jji sTy p p _i_ in 058 log [Fe 1, on the assumption that the concentrations 

CFTfand ^rfri^ V substituting thevalue of * for Fe^e and 
Fe ^Fe .where [Fe ] is the same, then, forFe^Fe ^o-H2( 0 43)+0 75} 
=-0 037 that is -0 04 nearly G Grube and H Gmelin obtained £h=- 0 09 
volt C E Fawsitt obtamed values ranging from -0128 to -0 234 volt f ot the 
electrode potential of difierent varieties of iron in N-TWk, and .A Fmkdstern, 
£ 0 09 volt for iron in A-K 3 FeCy 6 W van Wullen Scholten calculated 
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—0 220 volt for electrode potential of iron i gainst ferric In dioxide from the 
solubility product of hydrated ferric oxide 

R Peters studied the normal potential Fe ^Fe , where E=E Q 
+0 0577 log |_Fe ]/[Fe ], where | Fe J ind [Fe ] represent the respective 
ionic concentrations The value of E 0 here works out to be Z^O 0577 log K, 
where K is the equilibrium constant By working with a normal mercury 
electrode, Hg HgCl N KOI FeC] 2 FeCl 3 Pt, where there is the reaction 

Hg+Fe +Cl'^Fe +HgCl The current ceases when the free energy of the 

reaction Hg+CT^HgCl is equal to that of the reaction Fe ^Fe For 
equilibrium, [Fe ][HgCl]/[Hg][Fe ] [CkJ , or ZT=[ Fe ]/[Fe ] since the concen 
trations of the solids, and [C Y] can be regarded as constant Consequently, 

for the reaction Fe ^Fe , #= 0 0577 log Zl+0 058 log [Fe l/[Fe ] When K 

— [Fe ]/[Fe ], E is zero, R Peters measured B e for soln containing different 
proportions of ferrous and ferric salts, at 17°, and obtained 

Fe 0 5 1 0 10 20 40 60 80 90 5 

Fe 99 5 99 0 90 80 60 40 20 0 5 

E 0 296 0 312 0 975 0 391 0 419 0 436 0 462 0 545 

F 0 0 428 0 427 0 490 0 426 0 429 0 426 0 427 0 413 

The best representative value of E 0 is 0 427 obtained from E 0 =E C 
— 0 0577 log [Fe ]/[Fe ], and since E 0 =0 577 log K, log i£=7 45, or K = 107 45 
By the addition of potassium chloride, the value of K was dmnmshed, the mean 
value obtained bemg 10 7 15 In neutral solutions, the potential was found to 
vary considerably with dilution, hut this was not the case m acid soln or m soln 
containing potassium chloride Solutions m a normal soln of sodium nitiate gave 
values almost identical with those in pure water, so that ferric chloride and ferric 
nitrate are equally dissociated In the case of mixtures of ferric and ferrous 
sulphates, the value of K was found to be 10 6 6 , so that at equal concentrations 
ferric sulphate gives fewer ferric ions than the chloride The addition of fluorine 
ions m all cases raises the reduction potential, and this effect was further examined 
The conductivity of mixtures of iron salts with sodium fluoride is less than the sum 
of conductivities of the constituents, the difference bemg greatest with ferric 
compounds, in which case also it increases with dilution The ferric salts, therefore, 
probably form complex compounds with the sodium fluoride, a view further 
supported by f p determinations By the addition of sodium fluoride to the mixed 
iron salts the e m f falls greatly , thus, m the case of a mixture of 0 IN ferrous and 
ferric salts the addition of an equal vol of 0 32V soln of sodium fluoride caused the 
e m f to become negative, or decreased the cone of the ferric ions to 10“ 75 of its 
former amount A white salt is also precipitated by the fluoride, and the com 
position was found to be NagFeFeJB^O This was proved to be a complex salt 
in which the iron is present m the anion, as by electrolysis the percentage of iron 
increased at the anode and decreased at the cathode It is probable that the 
reduction of the emf by addition of sodium fluoride is due to the formation, not 
only of the slightly dissociated ferric fluoride, but also of this salt Confirmatoiy 
results were obtained by C Fredenhagen , he also found for the calomel electrode 
E 0 ~0 987, or with the hydrogen electrode, m agreement with R Peters, 0 710 volt 
G Grube found that with (i) a soln of 250 c c of 0 5 M-K 3 FeCy 0 with 750 cc oi 
0 £ \M K 4 FeCy e , and (n) a soln of 750 c c of the former and 250 o c of the latter 

(0 <ii> 

/ * — ■■ - s , * V 

C 0 0 002 0 01 0 1 0 5 2 0 

#h 0 456 0 436 0 463 0 523 0 531 0 555 volt 

W Maitland obtained for the equilibrium constant, ZC=10 7 8 , and calculated 
for F 0 , for the hydrogen electrode, 0 743 volt R Abegg and J Neustadt gave 
0 066 volt for E 0 m the reaction Fe ^Fe in pyridine soln Observations were 
also made by 0 Drucker, F Auerbach, E Muller and J Jamtzki, S R Carter 
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and T J Glover, S R Carter and F H Clews, S Popofi and eo- workers, L Michaelis 
and E Friedheim, L Michaelis and C V S my the, K Masaki and T Ikkatai, 
T J Glover, and K Jellinek and H Gordon R Abegg and co-workers gave for 
the best representative value, with the hydrogen electrode, E 0 =0 75 volt, so that 
for the reaction Fe ^Fe at 18° 

2?h= 0 75 fO 058 log [Fe ]/[Fe J volt (2) 

B Peters gave 0 296 volt for the e m f of the cell Pt 0 0005# FeCl 3 0 0995# PeCl 2 , 
0 1 N HC1, 1 ON KC1 Hg 2 Cl 2 Hg at 17° , 0 522 volt at 17° for Pt 0 098# FeCI s , 0 002# 
FeCl a , 0 1# HC1, 1 0# KC1, Hg 2 Cl 2 Hg , 0 429 volt at 17° for Pt 0 045# Fe 2 (S0 4 )a, 
0 01# FeS0 4 , 0 1# H 2 S0 4 1 0# KC1, Hg 2 01 2 Hg 0 331 volt at 17° for Pt 0 005# 
Fe 2 (S0 4 ) 3 0 09# FeS0 4 0 IN H 2 S0 4 , 1 ON KC1, Hg 2 Cl 2 Hg H Schafer gave 0 295 volt 
at 25° for Pt 0 01# (NH 4 ) 2 Fe(S0 4 ) 2 , 1 0# (NH 4 ) 2 S0 4 , 1 0# KCl, Hg 2 Cl 2 Hg, and 
0 364 volt when 0 09# (NH 4 ) 2 Fe(S0 4 ) 2 is used A A Noyes and B F Brann gave for 
Pt xN Fe(N0 3 ) 3 , yN Fe(N0 3 ) 2 0 05# HNO a , 3 5 or 1 75# KC1, 1 0# KCl, Hg a Cl a Hg, 
at 25° 0 04486 volt when x =0 05 and y =0 05 0 4528 volt when x =0 0125 and y =0 0125 

0 4726 volt when a?=0 0739 and y = 0 0293 and 0 4643 volt when x~Q 0112 and 2/=0 0089 
C Fredenhagen gave 0 133 volt at 17° for Pt 0 01# K 3 FeCy 6 0 09# K 4 FeCy a , 1 ON KC1, 
Hg 2 Cl a Hg, and 0 241 volt foi Pt 0 09#+K 3 FeCy ft , 0 01# K 4 FeCy 6 , 1 0# KC1, 
Hg 2 Cl 2 Hg ForPt 0 0245# K 3 FeCy 6 , 0 00054# Na 4 FeCy 6 , 0 1# KCl, Hg 2 Cl a Hg 
K Schaum and B von der Linde gave —0 170 volt at 25° and —0 143 volt at 50° , and for 
Pt 0 00025# K 3 FeCy« 0 0270# Na 4 FeCy fl 0 1# KC1, Hg 2 CL Hg, -0 039 volt at 25°, 
and —0 078 volt at 50° E Liebreich discussed the polarization of the cells Fe Zn, 
Pb Zn, and C Fe, Hg Fe 

"s Popoff and co workers measured the oxidation reduction potential with the 
ferric-ferrous electrode, Pt H 2 1 HC1 1 HC1, FeCl 2 FeCl 3 1 Pt, with different concentra- 
tions of acid, and obtamed the results shown m Fig 267 The normal value is 



hia 267 — The Effect of Acid 
on the Oxidation Beduction 
Potential of the Ferrous E erne 
Electiode 



Anodic current density amps 
per sq cm x /o 3 

Fig 268 — The Effect of Current 
Density on the Anode Poten 
tial of Iron 


—0 7473 to —0 7476 volt 6 Grube represented the variation of the potential of 
the anode with current density by Fig 268, and comparing the result with platinum, 
m neutral soln , it shows how very strong the polarization is with the iron anode 
which forms a surface film of oxide Observations were made by W J Muller 
and co workers, J Hmnuber, and S R Carter and F H Clews N Isganscheff 
and A Turkovskaja studied the effect of various salts on the oxidation-reduction 
potentials of the Fe - Fe -system, and found that the e m f , 2 ?h> m increased by 
the addition of cadmium chloride, and is diminished by the addition of various other 
chlorides in the following order action of LiCl<MgCl 2 <CaCl 2 <BaCl 2 <NaCl 
<KC1<NH 4 C1, zinc chloride lowers E K at concentrations below normal and 
raises E s at higher concentrations, whilst the action of the remaining chlorides 
increases with then concentration Nitrates raise the E-& value proportionately 
to tbeir concentration in the order action of NH 4 N 03 <KN 03 <NaN 03 <Sr(N 03 ) 2 
<Ca(N 0 3 ) 2 <LiN 0 s<Mg(N 03 ) 2 <Cd(N 03)2 The addition of sodium bromide 
vol xra p 
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raises moie *hem does sodium nitrate, and so di u m sulphate depresses Ej% to a 
greater extent than does sodium chloride The above effects cannot be attributed 
to variations in pn consequent on the addition of these salts, or to the formation of 
complex double salts with iron chlorides S Bodforss found that the potential of 
iron is a lmear function of the H-ion concentration of the soln K Murata, 
E Liebreich, and J Glovei studied the subject W van Wullen Scholten found 
the potential of lion to ferrous hydroxide is —0 569 volt, and to ferric hydroxide, 
—0 220 volt, but m the presence of oxygen, a solid soln of the two hydroxides 
occurs as a single phase where the ratio Fe /Fe m the phase is dependent on the 
oxygen cone of the soln 

K Zang measured the oxidation of ferrous chloride soln , after the lapse of 
different intervals of time 4Fe +0 2 +2H 2 0;F i 4Fe +4(OH) 1 , or Fe ^Fe +© 
This represents the first phase of the reaction, and K Zang assumed that in the 
second phase, the oxygen reacts with the electrons, and with this hypothesis deduced 
the equation dxldt=l 0 (a—x)lx Let a denote the original cone of the soln , and 
x the cone of the ferric salt at the time t, then log {(a — x 0 )/(a — $)} 
represents the value of for a ummolecular reaction , let denote the constant 
for a bimolecular reaction , and h 0 the constant for the reaction whose speed is 
dxldt~Tc 0 (a—x)[x The following is a selection from the observed results 


t 

Potential 

sxlO 3 

A*! X 10 4 

& a xl0 2 

A 0 X 10® 

0 

254 2 

0 23 

— 

— 

— 

2 

300 0 

0 47 

13 8 

190 

— 

20 0 

335 3 

2 6 

13 9 

1 61 

15 

67 5 

352 8 

54 

9 1 

106 

26 

118 0 

362 3 

7 6 

75 

0 92 

37 

193 0 

369 8 

94 

58 

0 69 

2 7 

312 5 

377 0 

12 7 

49 

0 60 

32 

4815 

383 8 

16 2 

44 

0 54 

35 


After a period of induction, the constancy of Jc 0 is taken to mean that the ongmal 
hypothesis is confirmed 

According to C Benedicks and R Sundberg, the potential, E&, of a metal m a 
soln entirely devoid of oxygen — the hydrogen potential — and the potential, E 0 , 
of a metal m a soln containing oxygen — the oxygen potential — then, for quenched 
carbon steels, the H-potential is reduced irregularly from — 0 745 volt down to 
— 0 64 volt as the proportion of carbon increases, while the O-potential rises and 
also shows irregularities For unquenched steels, the value for the H-potential 
falls as the proportion of carbon rises to 0 9 per cent , and then rises as the propor 
tion of carbon increases still more For steels with up to 0 9 per cent of carbon, 
c, the value of 2 ?h=— 0 708+0 010c volt The O-potential rises from 0 311 volt 
as the carbon mcreases, and the results, though irregular, act like those with the 
H potential but m the converse way 

For the normal potential Fe~>Fe , G Grube and H Gmelm obtained 
E H =— 0 13 volt , and with iron against 0 lAf-Na 2 Fe0 4 m 40 per cent sodium 
hydroxide, at 25°, the results were not constant, because the ferrate is reduced to 
ferrite m contact with iron 

Measurements of the electrode potential of iron against distilled water, and sea- 
water were made by T Andrews, K Arndt, F Haber, F Haber and P Krassa, 
K Hasegawa and S Hon, E Heyn and O Bauer, A de Mentens, W Muthmann 
andF Fraunberger, and F H Rhodes and E B Johnson The electrode potential 
of iron against soln of ammonium hydroxide was measured by A Fmkelstein, and 
M Mugdan, against soln of sodium hydroxide, by G Grube and H Gmelm, 
F Haber and F Goldschmidt, E Heyn and 0 Bauer, P Krassa, M Mugdan, and 
W Pick , against soln of potassium hydroxide , by J Billiter, O Faust, F Forster 
and V Herold, 0 Fredenhagen, E Grave, G Grube and H Gmelm, P Krassa, 
M Mugdan, W Muthmann and F Fraunberger, W Pick, E P Schoch and 
® F Randolph, and J Woost, and against a soln of calcium hydroxide, by F Haber 
and F Goldschmidt, and E Heyn and O Bauer 
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The electrode potential of iron in hydiochlono acid was measured by M Cent- 
nerszwer and M Straumams, A Thiel and K Keller, and W Muthmann and 
F Fraunberger , of iron m a soln of potassium chloride , by T P Hoar and 
U R Evans, and F Vies and A Ugo , and of iron m sulphuric acid , by T Andrews, 
H G Byers and C W Thing, H G Byers and S C Langdon, M Centnerszwer 
and M Straumanis, C Fredenhagen, E Grave, W J Muller and 0 Lowy, 
M Mugdan, and A Thiel and K Keller C G Fink and C M Decroly found 
the electrode potential of electrolytic iron m sulphuric acid of the percentage 
composition 

H-SO4 0 45 2 40 5 14 9 92 17 54 32 03 54 69 per cent 

B -0 941 -0 916 -0 928 -0 905 -0 872 -0 827 -0 715 volt 
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A L McAulay and G L White’s results for the effect of the H ion concentration, 
represented by on the electrode potential of iron m air free, 0 2V-KC1, are 
summarized m Fig 269 The curve with a 
0 2M-phosphate soln is dotted m Fig 269 
H G Byers and S C Langdon, J P Hoar and 
U R Evans, and W J Muller and K Konopicky 
measured the electrode potential of iron agamst 
sulphuric acid m the presence of hydrogen, and 
also oxygen , E Grave, likewise against sulphuric 
acid m the presence of ozone, and also of hydrogen 
dioxide C Fredenhagen, W J Muller, and 
W Muthmann and F Fraunberger measured the 
electrode potential of iron against mtnc acid — the 
passive state , E Heyn and 0 Bauer, against 
arsenious acid , E Heyn and 0 Bauer, W Muth- 
mann and F Fraunberger, and G C Schmidt, against dichromic acid , and 
M Mugdan, against acetic acid Measurements of the potential are also discussed 
m connection with the passivity of iron 

J H Andrew and co-workers measured the electrode potentials of steels agamst 
a soln of feme chloride and a normal calomel electrode with the idea of finding the 


4 „ 6 
PH 


8 JO 


Fig 269 — Equilibrium Poten 
tials of Iron with Solutions of 
Different H ion Concentra 
tion 



Carbon Steels Quenched at Different 
Temperatures 

effect of beat-treatment, 
indicated m Figs 270 and 271 



of Carbon Steels Tempered at 
Different Temperatures 


and the state of the carbon in the alloys The results are 
The electrode potential of quenched steels— with 
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a iron — decreases as the proportion of carbon increases, so that the iron is rendered 
less active by dissolved carbon The potential of hypoeutectoid steels is increased 
by raising the quenching temp , so that with an increase m the quenching temp , 
the least concentrated area of the solid soln becomes less concentrated m carbon 
J H Andrew and R Hay found that carbide segregation occurs on soaking at i 
temp above the Ac 3 arrest The potential of hypereutectoid steels is lowered b> 
an increase m the quenching temp There is a marked deviation of the curve for 
hypereutectoid steels quenched at 1100° from that obtained for the same steel 
quenched at 1000° Steels with over 1 2 per cent of carbon, and quenched at 
1100°, contain austenite, but since austenite is less active than martensite this does 
not explain the deviation of the curve at 1100° The curves probably mean that 
the martensite obtamed by quenching high carbon steels from 1100° is much more 
concentrated than that obtamed by quenching at 1000° This may be due (i) to 
the cementite line being more curved than is generally assumed, so that the solubility 
of carbon my iron at 1100° is much greater than it is at 1000° — this is not m accord 
with measurements of the electrical resistance , or (n) that so long as particles of 
cementite m hypereutectoid steels remain undissolved before quenching, they may 
act as nuclei and cause a partial precipitation of the caibide even with rapid cooling 
The curves, lig 271, show that the electrode potential increases progressively 
with the raising of tempering temp , showing that the proportion of carbon m soln 
is reduced by tempering After tempering at any temp up to, say, 450°, an 
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appreciable amount of carbon remains m 
0 510 [ 1 TTT 1 FI L LTD soln , and this proportion is reduced by 

raising the tempering temp On heating 
quenched steels to a given temp , tempering 
proceeds until a limiting value is attained, 
after wlrch it either stops or proceeds very 
slowly A similar conclusion was inferred 
from measurements of the electrical resist 
ance The potential curve obtained after 
tempering at 680° lies below that obtamed 
at 650°, indicating that carbon dissolves m 
a iron below the Ac x -arrest O F Brush 
| | t , , | and R A Hadfield, and others have m 

q Tit 1 1 I 1 vestigated the evolution of heat by a 

025 075 (25 (75 quenched steel at room temp , and the 

Per cent of carbon effect of agemg on the potential of steel 

Fm 272 -—The Effect of Time on the immediately after quenching, and after re- 

Qwnchtd Sna? ° f ° arb0n St66lS mainm g at roo “ tem P for different periods 

of time is indicated m Fig 272 The 
potential decreases with time , this may be due to the relief of the strains caused 
by quenching The electrode potentials at 18° of carbon steels quenched at 1100° 
and at 780°, and chromium steels at 1100°, did not change appreciably before and 
after immersion m liquid air This indicates that austenite, unlike martensite, is 
not affected by liquid air W H Walker and C Dill discussed the electrode 
potential and the structure of iron 
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M Faraday studied the electrochemical senes, and found that iron m nitric, 
hydrochloric, or sulphuric acid is negative towards bismuth, copper, and antimony, 
and positive towards tin, lead, cadmium, and zme , m soln of potassium hydroxide, 
iron is negative towards copper, silver, and nickel, and positive towards bismuth, 
lead, antimony, cadmium, tm, and zinc , and m yellow and colourless soln of 
potassium sulphide, non is positive towards many metals According to J C Pog- 
gendorff, and S B Christy, non m soln of potassium cyanide is negative towards 
palladium, silver, carbon, and platinum, and positive towards nickel, bismuth, 
tm, antimony, copper, lead, cadmium, and zinc 8 B Christy found that in distilled 
water, iron is positive towards zme, and lead, and negative towards copper, silver, 
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mercury, and gold R Abegg and co workers gave for the electrochemical series 
— Li, &, Na, Mg, Zn, Fe, Cd, Co, Ni, Pb, Sn, H, Cu, Ag, Hg, Au+ , F Stremtz 
gave for soln of the metal m nitrate soln , -Mg, Zn, Cd, Sn, Al(Pb), Fe, Co, Bi, Ni, 
Cu, and Ag+ , and in chloride soln , -Mg, Zn, Al, Cd, Fe, Sn, Bi, Co, Sb, and Cu+ 
C B Gates, and G Gore studied the place of iron m the electrochemical series in 
molten salts, and m non-aqueous solvents , and A S Russell found for iron m 
mercury, -Zn, Cd, Tl, Pb, Co, Mn, Fe, Bi, Co, Hg, Ni, and Pt+ T Andrews 
studied the electrochemical series with different forms of iron and steel m sea 
watei, and m salt soln , whilst A Schleicher found that the order with iron is 
4" passive wrought iron, rusted cast iron, rusted wrought iron, wrought iron, 
passive cast iron, cast iron — , and for steels, + nickel steel (25 75), nickel steel 
(5 95), chrome steel, tungsten steel, and cast steel (0 1 per cent carbon) 
G N Glasoe gave 0 20 volt for the contact potential of nickel and iron 

Tilt eUctrorto potential of iron in hydiofluour acid was examined by C Bedel, and 
A Tiaveis and J Aubeit inanaq soln of sodium fluoride byM Mugdan, m pyridine 
soln of lithium chloride , by H Eggeit in acetone soln of lithium chloride, by U Sborgi 
and P Marchetti , m aq soln of sodium chloride, by T Andrews, E Heyn and O Bauer 
B Loienz, A L McAulay and F P Bowen, M Mugdan, E Petersen, and W van Wullen 
Scholten , ammonium chloride, byF Heyn and O Bauer, inaq soln of potassium chloride 
by K Arndt U B Evans, E Hejn and 0 Bauer, M Mugdan, W Muthmann and 
i Fraunberger, G C Schmidt W H Walker and co workers , m aq soln of different 
acidities, by F \ les and A TJgo , in methyl alcohol soln of potassium chloride, by 
H Eggeit , m aq soln of potassium bromide, by M Mugdan , potassium iodide by 
M Mugdan, and G C Schmidt potassium chlorate, byM Mugdan, E Heyn and O Bauer, 
and E P Schoch and C P Bandolph , perchloric acid by A Travers and J Aubert, 
potassium perchloiate , by M Mugdan, and E P Schoch and C P Bandolph, potassium 
bromate, E Heyn and O Bauer, and E P Schoch and C P Bandolph , potassium lodate , 
by E Heyn and O Bauer, and E P Schoch and C P Bandolph , calcium , barium 
and magnesium chlondes, by E Heyn and O Bauer in sodium, hydroxide, by C Bedel 
stannous thloi ide and hydrochloric acid, by A Thiel and K Keller, ammomumhydrosulpkide 
by A Fmhelstem , sodium hydrosulphide, by B Zuppinger , sodium sulphate by 
H G Byers and C W Thing, and E Heyn and 0 Bauer , sulphuric acid by W Wolff, 
A Travers and J Aubert and C Bedel , potassium sulphate , by TJ B Evans, E Heyn 
and O Bauer, 7 b G liicks, A L McAulay and S H Bastow M Mugdan, and 
E P Schoch and C P Bandolph , and soln o f potassium sulphate mixed with sulphuric 
acid potassium hydroxide, potassium fluoride, or potassium dichromate, by E P Schoch 
and C P Bandolph , ammonium, magnesium and manganese sulphates, by E Heyn and 
O Bauer, acetone soln of silver nitrate byXJ Sborgi and P Marchetti, ethyl alcohol soln 
of ammonium and calcium nitrates by U Sborgi and G Cappon , stannous sulphate and 
sulphuric acid, by A Thiel and K Keller sodium nitrate, by E Heyn and O Bauer 
potassium nitrate, by M Mugdan potassium nitrate with nitric acid or potassium 
hydroxide, by E P Schoch and C P Bandolph , ammonium nitrate, by E Heyn and 
0 Bauer silver nitrate, by O Kohlsehutter and co workers ammonium, and sodium 
hydrophosphates , by E Heyn and 0 Bauer , phosphoric acid by A Travers and J Aubert 
sodium carbonate, and hydrocarbonate, by F Haber and F Goldschmidt, and E Heyn and 
O Bauer , potassium carbonate , and calcium hydrocarbonate, by E Heyn and O Bauer 
sodium acetate, by E Heyn and 0 Bauer and M Mugdan , ammonium acetate by E Heyn 
and O Bauer , potassium cyanide, by A Brochet and J Petit, F C Frary and B E Porter 
S B Chnsty, A Finkelstem, C B Gates, E Heyn and O Bauer, W Muthmann and 
F Fraunberger, and A van Oettmgen , potassium thiocyanate, by W Muthmann and 
F Fraunberger, sodium tetraborate, by E Heyn and O Bauer, potassium chromate, "by 
E Heyn and O Bauer, and E P Schoch and C P Bandolph potassium dichr ornate by 
H G Byeis and C W Thing, E Heyn and O Bauer, M Mugdan and E P Schoch and 
C P Bandolph , and potassium permanganate, by E Heyn and O Bauer and M Mugdan 

The electromotive force of a large variety of smgle, double, or more cells has 
been determined 

Single liquid cells — In cells with one electrolyte and iron Fe | solution | metal, 
C Barus studied cells with water and steel annealed at different temp B B Clifton 
observed that copper is positive and zinc negative with water as electrolyte N R Dhar, 
that tm is positive , C A Lobry de Bruyn, that aluminium is negative , and F TMt, 
that platinum is positive A de la Bive observed that tm is positive and copper negative 
with a soln of ammonia as electrolyte, and combinations with silver, platinum, copper 
and tm were studied by J C Poggendorff , F F Bunge, and E Branly found that with 
potassium hydroxide soln zinc is negative, and J C Poggendorff studied the combinations 
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with copper, silver, zinc, cadmium, mercury, tin antimony, or platinum P Bechtereff 
found that carbon with a 20 per cent soln of sodium hydroxide gives E—0 9 volt at 95° 

F Todt examined cells with sodium hydroxide soln and platinum and I Jirza, with 
silver , J C Poggendorff also studied cells with hydrochloric acid and copper, silver, zinc, 
cadmium, mercury, tm, antimony, or platinum , C L Speyers, combinations with hydro 
chloric acid and meicury M Centnerszwer and M Straumanis found that with hydro 
chloric acid of concentration 0 5, 0 25, and 0 1 eq per litre agamst platinum at 25°, E was 
respectively 0101, 011 6, and 0 152 volt M Centnerszwer found alum i niu m is negative in 
0 5 N HC1 M Centnerszwer and M Straumanis found with a 0 IN soln of hydrohromic acid 
and platinum, E—0 109 volt at 25° K W G Kastner studied combinations with a soln 
of sodium chloride with zmc as the negative pole, and observations were also made by 
J C Poggendorff with the same soln and copper, silver, zinc, cadmium, mercury, antimony 
or platinum , F Todt studied cells with 0 OliV NaCl and zmc U R Evans studied a cell 
with 0 5 N NaCl and aerated and non aerated electrodes E T Micheli found copper is 
positive m a soln of sodium chloride , R Lorenz, that copper oxide is positive undei 
similar conditions , and E Liebreich measured the effect of coating the iron with led lead 
feme oxide, zmc white white lead, or varnish W van Wullen Scholton measured the 
emf of cells with rough and smooth iron in soln of sodium chloride N R Dhar found 
tm is positive with a soln of potassium chloride , and C A Lobry de Bruyn, that aluminium 
is negative N R Dhar studied the emf of iron against soln of potassium chloride 
E Liebreich and co workers found that with 0 1 N KC1 at 20°, and ferric oxide, E—0 09 
volt, with zmc oxide, 0 150 volt, with lead carbonate 0 095 volt, and with red lead, 0 075 
volt U R Evans studied a cell with 0 IN KC1 and steel electrodes one of which was aerated 
N Vlacovich found that zmc is negative with a soln of ammonium chloride J C Poggen 
dorff studied the combinations with a hydrochloric or sulphuric acid, or an aq soln of 
potassium iodide , or of potassium bromide and copper, silvei, zmc, cadmium, mercury, tm, 
antimony, or platinum M Randall and M Frandsen found that the cell Fe, Fe(OH) a 
agamst 0 05M soln of barium hydroxide, and HgO, Hg, had anomf of 0 973 volt at 25° 
with highly purified iron E L Nichols and W S Franklin found that platinum is 
negative in a soln of ferrous chloride , W H Hampton studied the coll with iron agamst 
0 IM FeCl 2 and HgCl, Hg, and gave 0 4413 for the electrodo potential of iron The cell 
was studied by M Randall and M Frandsen E Petersen found that the cell with carbon 
and 2N soln of feme chloride gives 0 90 volt , W Spring, that with cone ferric chloride, 
carbon or platinum is positive — the cell with carbon was also studied by A A Beadle 
F W Kuster, H Pauling, and E Petersen E Petersen found that zmc is negative with 
2N FeCl a with 20 per cent of sodium chloride, and E—0 537 volt W H Hampton 
obtamed E—0 8088 volt with a cell having 0 2 N FeCl a and a calomel electrode Zmc is 
negative with a soln of zinc chloride E L Nichols and W S Franklin found that platinum 
is positive with a dil hydrochloric acid soln of potassium chlorate , M 5* Roberts, 
J C Poggendorff and R B Clifton found that with dil sulphuric acid , zmc is negative , 
M J Roberts, and C Hockm and H A Taylor, that zmc amalgam is negative , E Branly, 
that copper, platinum, and carbon are positive, P Casamajor, iron amalgam is negative 
R B Clifton found that zmc is negative, and copper find mercury arc positive with dil 
sulphuric acid J C Poggendorff studied cells with sulphuric acid and an electrode of 
copper, silver, zmc, cadmium, mercury, zmc amalgam, tm, antimony, or platinum, 
C L Speyers studied cells with sulphuric acid and mercury , and S P Thompson, sulphuric 
acid with an electrode of copper at different temp A L McAulay and S H Bastow found 
that cells with 0 5N soln of potassium sulphate and a calomel electrode, had E between 
0 75 and 0 80 volt H L Heathcote found that iron is negative agamst passive iron in 
sulphuric acid (1 6), M Centnerszwer and M Straumanis gave for platinum agamst 
sulphuric acid of concentration C eq per litre, at 25° 

<?H 2 SO* 1 0 5 0 25 0 1 0 05 

E 0 161 0 163 0 171 0 169 0 171 volt 

A cell with 0 5N H s S0 4 and copper had E—0 024 volt, and with silver, 0 060 volt 
W D Bancroft studied cells with N and 2 N H a S0 4 and iron electrodes one or both of 
which was treated with air, hydrogen, nitrogen, or coal gas M Centnerszwer examined 
cells with 0 5N and 2 N H a S0 4 and aluminium P Goerens found that with cold worked 
iron annealed at 520°, 0 IN FeS0 4 , and iron annealed at 520°, the voltage is practically 
zero W Bromewsky found that for soft steel, N FeS0 4 , and steel with 

Otobon 0 24 0 44 0 79 5 12 percent 

jdSteel 0 014 0 017 0 0 016 volt 

(Steel tempered 0 021 0 027 0 014 0 038 „ 

C A Lobry de Bruyn studied cells with a calomel electrode havmg an electrolyte with a 
mixture of ferrous and feme sulphates , agamst soft and hard steels H Wolff found that 
zmc is negative with a soln of zmc sulphate , C Hockm and H A Taylor, that zmc amalgam 
J® ^th a soln of zmc sulphate J C Poggendorff, and R T Lattey and 

M W Perrin studied cells with a sulphuric acid soln of zmc sulphate and copper, silver, tm, 
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or platinum , and C Barus and V Strouhal studied cells with a soln of zin c sulphate and 
steel annealed at different temp G Tammann and W Wiederholt studied cells with 
N ZnS0 4 and copper, silver, gold, zinc, tin, or lead , T W and W T Richaids, feirous 
sulphate of concentration C eq pei litie, and a normal calomel electrode at 25° 


V 

1 02 

0 366 

0 327 

0 039 

E 

0 741 

0 753 

0 759 

0 778 volt 

G FeS0 4 

0 365 

0 393 

0 366 

0 390 

c h 2 so 4 

0 001 

0 100 

0 25 

0 50 

E 

0 753 

0 724 

0 669 

0 634 volt 

C FeS0 4 

0 329 

0 329 

0 327 



O Fe a (S0 4 ) 3 

0 003 

0 017 

0 088 



F 

0 719 

0 687 

0 630 

— \olt 


Jb E Rung© found that with niti ic acid, mereuiy is positive , and the same cell was studied 
by C L Speyers J 0 Poggendorff found that zmc is negative, and he also studied cells 
with nitric acid and copper, silver, zmc, cadmium, tin, antimony , and platinum, 
El L Nichols and W S Franklin showed that carbon is positive with nitric acid , and 
W Hittorf, that platinum is negative C F Schonbem studied a cell with dil nitric acid 
and lead dioxide M Faraday showed that with cone nitric acid, silver and copper are 
negative, but? with dil acid, positive , C A Lobry de Bruyn, that aluminium is negative with 
a soln of 'potassium nitrate and W Wolff, that zmc is negative with a soln of zinc nitrate 
J 0 Poggendorff studied cells with a soln of sodium carbonate , and copper silver, zmc 
cadmium, mercury, antimony, or platinum , and F Todt cells with sodium carbonate soln 
and platinum S P Thompson found that with a soln of potassium cyanide , carbon is 
positive, and J C Poggendorff studied cells with the same soln , and copper, silver, zmc, 
cadmium, mercury, tm, antimony, or platinum C L Speyers studied cells with acetic 
acid and mercury M Dauv6 found copper positive m a cell with a soln of copper acetate 
J C Poggendorff studied cells with sodium tetraborate and sulphuric acid and copper silver 
tm, or platinum , E L Nichols and W S Franklin, W Kistiakowsky, and A Naccan and 
M Bellati, with chromic acid and a carbon positive electrode , and P Bechtereff, cells with 
20 per cent soda lye and potassium permanganate with a carbon negative electrode and 
E L Nichols and W S Fiankbn, permanganate with platinum as positive electrode 

Double liquid celts — M Faraday observed that iron m a dil soln of potassium hy dioxide 
is negative against iron m a cone soln of the alkah, J C Poggendorff, and J P Joule, 
that iron m potash lye is negative against platinum m nitric acid , J P Joule that iron 
m potash lye is negative agamst platinum m nitric sulphuric acid and lead dioxide, or 
against copper m sulphuric acid , C Fredenhagen gave 0 248 volt for iron m N KOH 
agamst N KC1, Hg 2 Cl 2 , and mercury W Hittorf found that iron m a soln of sodium 
hydroxide is negative agamst platinum m chromic acid and with iron in 0 IN NaOH 
+0 IN KOH, M Mugdan found the e m f to be 0 303 to 0 403 volt and with iron in 
0 IN NaOH agamst 0 IN KC1 Hg 2 Cl 2 and mercury F Haber and F Goldschmidt obtained 
an e m f of 0 7 to 1 1 volt W Hittorf found that iron in a N soln of ammonia is negative 
agamst mercury m N KC1 with mercurous chloride and with 0 IN NH 4 OH, M Mugdan 
found that the emf is 0 103 volt , F Haber and F Goldschmidt found that iron m a soln 
of calcium hydi oxide agamst 0 IN KC1, Hg 2 Cl 2 > a nd mercury, had anemf of04to08 
volt , and O Faust, that iron m 20 per cent potash lve against zmc amalgam m 20 per cent 
potash lye containing 2 per cent of zmc hydroxide had anemf of 0 446 volt M Mugdan 
found that with iron m a 0 IN soln of sodium fluoo ide agamst N KC1, Hg 2 Cl 2 , and mercury 
the emf is 0 553 to 0 583 volt M Faraday found that iron in dil hydrochloric acid is 
negative against iron and cone hydrochloric acid E L Nichols and W S Franklin with 
platinum as positive electrode in a hydrochloric acid soln of potassium chlorate and with 
platinum as positive electrode m a soln of ferrous chloride J Strachan found that non 
m hydrochloric acid agamst carbon m a hydrochloric acid soln of lead tetrachloride has 
anemf of 0 83 volt L Ponci, and J Thomsen found that iron m a soln of ferrous 
Monde is negative against carbon m a soln of ferric chloride , S Czapsky, negative agamst 
mercury m mercurous chlonde , C R A Wright and C Thompson, negative against silver 
in silver chloride, and positive agamst amalgamated zmc m zmc chloride, or cadmium in 
cadmium chloride R Abegg and S Labendzmskj found for iron in a mixed soln of 
ferrous and potassium chlorides against N KC1, Hg 2 Cl 2 , and mercury 

FeCl 10 10 0 1 0 1 eq per litre 

KC1 ~ 0 10 0 1 0 „ 

E 0 760 0 762 0 780 0 792 \olt 

A F W von Escher, that iron in a soln oifemc chloride is positive agamst zmc amalgam in 
sulphuric acid , T Erhard, that iron m a soln of ferric chloride is negative against indium 
m a soln of indium trichloride , and T W Richards and G E Behr that iron in a soln 
of ferric chloride is negative against 0 IN KC1, Hg 2 Cl , and mercury , a similar cell was 
examined by C A Lobry de Bruyn , L Kahlenberg iron m 0 3 N FeCl a agamst mercury 
as positive electrode m N KOI and mercurous chloride A Finkelstein lound that iron is 
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negative m a 0 01# soln of ferrous and ferric chlorides and 0 02# HC1 against # KC1, 
Hg 2 Cl a and mercury, and the e m ff of the cell with the following percentage proportions 
of feme chloride were 

FeCl, 0 10 20 40 60 80 100 per cent 

B 0 546 0 534 0 530 0 519 0 532 0 518 0 509 volt 


C R A Wnght and C Thompson found that non m a soln of fen on s homidt is positive 
against amalgamated zinc m zinc bromide, or cadmium in cadmium bromide J P Joule 
found that iron m a soln of sodium chlonde is negati\e against platinum m nitric acid or 
copper in copper sulphate M Mugdan gave 0 60 1 to 0 703 volt for the e m f of a cell 
with iron in a 0 1# soln of potassium chloride with 0 1# NaCl against # KC1, Hg 0 Cl 2 , and 
mercury W H Walker and co woikeis studied thee m f of the cellFe KC1 Pt KC1 Fe 
M Mugdan found that against # KC1, Hg Cl 2 , and mercury, iron m a 0 1# soln of potas 
8mm bromide is 0 523 to 0 643 volt with a 0 1# soln of potassium iodide, 0 47) to 0 553 
volt , with a 0 1# soln of potassium chlomte , 0 203 to —0 353 volt , and with a 0 1# soln 
of potassium perchlorate , 0 703 volt J Straelian found that iron in a soln of ammonmm 
chlonde against carbon m a hydrochloric acid soln of lead tetrachloride has an e m f of 
0 95 volt and if the ammomiim chloride be replaced by zinc chloride, an e m f of 0 73 volt 
M Faraday observed that iron in dil sulphuric acid is negative against iron m the cone 
acid , J P Joule, that iron in dil sulphuric acid is negative against platinum m nitric 
acid copper m copper sulphate, or platinized silver m dil sulphuric acid E L Nichols 
and W fe Franklin, with platinum as positive electrode m a dil hydrochloric acid soln of 
potassium chlorate and with carbon as positive electrode in mtnc acid , M Mugdan, 
that with iron m 0 1# H 2 S0 4 against # KC1, Hg 2 Cl 2 , and mercury the e m f is 0 553 to 
0 603 volt — C Fredenhagen gave 0 625 volt R Zuppmger studied the cell with iron m 
sodium hydrosulphide with zme as negative electrode in a soln of zinc sulphate , and 
A Fmkelstem, a cell with iron m a # soln of ammonium sulphide against mercury as posi 
tive electrode in # KC1 with mercurous chlonde J6 Braun, and C R A Wright and 
C Thompson found that iron in a soln of ferrous sulphate is positive against zme m zinc 
sulphate or cadmium m cadmium sulphate J J Coleman, C R A Wright and C Thomp 
son, and F Forster negative against copper m copper sulphate , C R A Wright and 
C Thompson, iron m ferrous sulphate soln is negative agamst silver in silvei sulphate or 
lead m lead sulphate H W Tbpffer studied cells with iron in a soln of ferrous sulphate 
■with and without ammonium oxalate or sulphate against cobalt as positive electrode m a 
soln of cobalt sulphate with or without ammonium oxalate or sulphate, and with nickel as 
positive electrode with a soln of nickel sulphate with or without ammonium sulphate or 
oxalate , A Emkelstem, iron as negative electrode m # FeS0 4 against mercury m # KC1 
with mercurous chloride, and M Mugdan found with 0 1# FeS0 4 the e m f is 0 623 to 
0 703 volt H Euler, iron m a soln of ferrous sulphate against iron m a soln of ferrous 
sulphate and sodium thiosulphate has an e m f of 0 01 to 0 02 volt T W Richards and 
tF ® e * ir stu< k ec * the e m f of cells with iron, and of iron charged with hydrogen m 
# FeS0 4 agamst 0 1# KC1, Hg 2 Cl 2 , and mercury A H Buchcrer studied the case of iron m 
a sat soln of ammonium ferrous sulphate with a few drops of a soln of ferric sulphate agamst 
iron as positive electrode in 1 5# Fe 2 (S0 4 ) 3 and a few drops of a soln of amm o nium ferrous 
sulphate J P Joule found that iron in a soln of sodium sulphate is negative against 
platinum m mtnc acid, or copper in copper sulphate W Hittorf found that iron m a 
soln of sodium sulphate is negative against platinum m a soln of chromic acid , M Berthe 
lot iron in a soln of H 2 S0 4 -j-Na0H against iron m soda lye has an e m f of 0 295 volt , 
^tt cr* 8, a°i^ NaOH H“Na a S0 4 agamst iron in soda lye, 0 185 volt and m Na 2 S0 4 
' » i ® ** ^ Mugdan found that the e m f of iron m a 0 1# soln of potassium 

wlphgtea.gamat # RC1 Hg Cl 2 , and mercury, is 0 603 to 0 703 volt E Heyn and O Bauer, 
and F FOrster found that a cell with iron in # EeS0 4 against # KC1 HgoCh, and mercury, 
has an em f of 0 68 volt at 17 5° R Abegg and fe Labendzmsky found for iron m a mixed 
soln of ferrous and sodium sulphates against # KC1, Hg 2 Cl 2 , and mercury 


FeS0 4 10 10 

Na a S0 4 0 10 

E 0 762 0 774 


01 0 1 0 1 0 0 ) 

0 01 10 0 

0 785 0 787 0 803 0 795 


0 01 0 01 eq per litre 

0 01 10 
0 799 0 827 volt 


C A Lobryde Bruyn found the emf of cells with passive iron m a 0 1# soln of mixed 
ferrous and feme sulphates agamst A KC1 Hg 2 Cl 2 , and mercury, to be 

5 eS ° 4 675 48 5 36 0 29 0 1 0 per cent 

* 0 335 0 357 0 370 0 380 0 460 volt 

had'an^m^f^f^ 01111 ^ ce ^ s stee * m FeS0 4 agamst carbon m manganese dioxide 


Steel 

JE 


0 06 0 24 0 44 0*79 

1 112 1 099 1 097 1 110 


1 12 per cent carbon 
1 091 volt 


L Kohlenberg found the e m f of a cell with iron m 0 375# FeCl s m ethyl alcohol against 
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iron in 0 3 N FeCl s m aq soln to be 0 273 volt , iron in a soln of 1 4508 grins of feme 
chloride in 77 6 c c of nitrobenzene against iron m 0 375JV FeCl 3 in ethyl alcohol E—0 909 
volt 

T Hawkins studied the case of iron (positive) and mtnc acid against sulphuric acid 
and zinc or iron , M Faraday iron (negative) and dil nitric acid against iron and cone 
nitric acid , J P Joule, that passive iron in nitric acid is positive against amalgamated 
7 ine m potash lyo , and H Buif that iron (passive oi superficially coated with oxide) is 
positive against zinc m sulphuric acid oi iron m sulphuric acid F Petruschefsky, that 
non m mtnc acid is positive against zinc amalgam m sulphuric acid , F J Micheli that 
non m fuming mtiic acid is positive against copper m dil sulphuric acid W Hittorf 
found that non m a soln of eodmm nitrate is negative against platinum m mtnc acid 
M Mugdan found that the e m f of a cell with iron m a soln of potassium mtiate against 
mercury in N KOI and meicurous chloride falls rapidly to zero and with 0 IN KN0 3 , the 
e m f is 0 443 to 0 583 volt 

W Hittorf found that iron in a soln of potassium cyanide is positive against platinum 
in chromic acid , S B Christy gave for soln with 1,0 1 and 0 001 eq of KCy per litre 
against N KOI, Hg 2 Cl , and mercury, JS7=0 116, 0 046 and 0 046 volt respectively M Mug 
dan gave for a cell with iron m 0 IN KCy against a similar electrode, .27=0 103 to 0 263 volt , 
A Finkelstem, that iron m N KCy is positive against mercury m N KC1 and mercurous 
chloride, and that iron is negative m a N soln of potassium ferrocyanide or ferricyamde 
against meicury m N KC1 and mercurous chloride , and analogous cells were studied by 
E Heyn and O Bauer M Mugdan obtained E=0 543 to 0 603 volt for a cell with iron 
in a 0 IN soln of acetic acid agamst N KC1, Hg 2 Cl 2 and mercury, and for iron m a 0 1 N soln 
of sodium acetate , 0 103 to —0 303 volt W Hittorf found that iron is negative m a soln 
of sodium acetate against platinum in chromic acid W Hittorf found that iron is negativ e 
in a soln of potassium dichromate against platinum m chromic acid , M Mugdan gave 

0 157 volt for iron m 0 IN potassium dichromate against N KC1, Hg 2 Cl , and mercury , 
and 0 577 volt for iron maO IN soln of potassium permanganate against a similar electrode 
P Bochteroff also studied cells with iron m 20 per cent soda lye with potassium perman 
ganate against iron m soda lye 

Double liquid cells with an mte? mediate inert liquid — N R Dhar examined cells with 
iron m distilled water against 0 IN KC1, Hg Cl 2 , and mercury, with 0 IN KC1 as inter 
mediary and similar cells with 
iron m a 0 IN soln of potas 
sium chloride, N R Dhar 
and G Urbam studied similai 
cells with iron m a 0 IN soln 
of feme fluoride B Bane 
studied cells with iron in a 
N soln of hydrochloric acid, 


chloride as intermediary 
F Stremtz found that iron 
m a soln oi ferrous chloride is 
negative agamst copper m copper chloride with water as intermediary and positive against 
zinc m zme chloride with water as intermediary F Braun found that iron m ferrous chlonde 
is negative agamst silver in silver chlonde with hydrochlonc acid as intermediary , B Neu 
mann, that iron m N FeCl 2 is negative agamst N KC1 Hg 2 Cl 2 , and mercury with a N soln 
of an indifferent electrolyte as intermediary , and similarly with a N soln oifemc chlonde 
N It Dhar and G Urbam ex amin ed cells with iron m 0 1JV FeCl s , or m a 0 IN soln of 
ammonium feme chlonde, agamst 0 IN KC1, Hg 2 Cl a and mercury, with 0 IN KOI as 
intermediary F Bra un found that iron m a soln of ferrous sulphate, is positive agamst 
cadmium m cadmium sulphate with and without mtnc acid as intermediary , iron is 
negative m a soln of ferrous sulphate agamst copper m copper sulphate, or platinum in 
hydrochloroplatmic acid, with sulphuric acid as mtermediary, and also agamst sil\er in 
silver mtrate, or lead in lead acetate, with mtnc acid as mtermediary , B Neumann 
that iron is negative m N FeS0 4 agamst N KC1 Hg 2 01 2 , and mercury, with a N soln of an 
indifferent electrolyte F Haber and F Goldschmidt found that cast or wrought iron m 
acidified N FeS0 4 is negative agamst 0 IN KC1, Hg 2 Cl 2 , and mercury, with a 1 per cent 
soln of potassium nitrate as intermediary P Krassa, W Kistiakowsky, and N R Dhar 
and G TJ rbam examined simi lar cells with a sat soln of potassium chlonde as intermediary 
F Forster, and M de Broglie ex amine d similar cells with different varieties of non and 
B Rane found that m these cells the e m f is lowered by the addition of increasing pro 
portions of brucine N R Dhar and G Urbam studied cells with iron m a 0 1 N soln of 
ammonium ferrous sulphate agamst 0 IN KC1, Kg 2 Cl 2 , and mercury, with a soln of potas 
sium chloride as intermediary , S Bodforss, a similar cell with N KC1, Hg 2 Cl 2 , and mercury 
and K Iwase and K Miyazaki, cells with iron m ammonium fenous sulphate against 


m tne presence oi ci inter ent 
proportions of bruc me agamst 
N KC1, Hg Cl 2 , and mercury, 
with a sat soln of potassium 



Fig 273 — The Effect of Time on the Electromotive 
Force of Iron 
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0 IN KC1, Hg Cl 2 , and mercury, with N KOI as intermediary The initial maximum, and 
end values of the e m f were lespectively with armco lion, 0 716, 0 722, and 0 669 volt, 
with polycrystals of lion, 0 718, 0 726, and 0 661 volt, and with single crystals of iron 
0 704, and 0 728 volt The lesults aie plotted m Fig 273 N R Dhar examined cells 
with iron m a 0 IN soln of potassium nit) ate against 0 1JV KC1, Hg 2 Cf and meicury, with 
0 IN KC1 as intermediary F Streintz found that li on in a soln of fei / ic nit) ate is negative 
against copper in coppei nitrate with water as intei mediary , and positive against zinc 
m zinc sulphate with water as mtermediaiy G Grube examined cells with iron m a 
mixture of potassium ferrocyanide and potassium feincyanide with different proportions 
of potassium hydroxide against N KC1, Hg a Cl 2 , and mercury, with a sat soln of potassium 
chloride as intei mediary N R Dhar and G Urbam also examined similar cells with 
0 IN K 4 FeCy 6 , or 0 IN K s FeCy e against 0 IN KC1, Hg 2 Cl 2 , and mercury, with a soln of 
potassium chloride as intermediary , likewise also cells with iron m a 0 IN soln of sodium 
mti oprubS'ide, or potassium feme oxalate , or ammonium feme citrate m place of the 
ferrocyanide 

Cells with fused oxides oi salts as electrolytes — W W Jacques constructed a cell with 
molten sodium hydroxide as electrolyte an iron anode, and caibon cathode The cell was 
studied by F Haber and L Bruner, A C Biadley, R Lorenz, R Loicnz and F Kaufler 
and P Bechtereff P Bechtereff observed that the e m f is a function of the temp , 
such that 

337 ° 413 ° 456 518 551 624 

Emf 0 623 0 683 0 728 0 784 0 804 0 830 volt 


and the temp eoeff between 400° and 580° is 0 00097 volt per degree With a cell with 
passive non as anode, fused sodium hydroxide, against 0 IN KOI, Hg Cl , and mercury 

337 ° 367 418 440 552 ° 647 

Emf 0 288 0 308 0 363 0 378 0 478 0 683 volt 

where the temp coeff betw een 400° and 680° is 0 00089 volt per degree With active iron 
as anode 

445 ° 501 536 564 ° 606 618 

Emf 1 536 1 56 1 575 1 58 1 60 1 61 volt 


E Bauer found the emf of cells with molten sodium hydroxide, active iron as anode, and 
silver as cathode to be near 1 19 at 350° to 385° , and with passive non as cathode, and 
active iron as anode, 119 volt at 350° The emf of a cell with lion, molten sodium 
hydroxide and sodium was 2 16 to 2 26 volt at 380° P Bechtereff gave for a cell with 
carbon as cathode, passive iron as anode, molten sodium hydroxide and selenium as elec 
trolyte, E=0 06 volt with molten sodium hydroxide and tellurium as electrolyte, E is 
very small, using molten sodium hydroxide with 3 per cent sodium chlorate, the emf 
was 0 65 volt at 395° , A C Bradley studied a cell with iron against carbon m molten 
sodium hydroxide and manganese dioxide and for a cell with passive iron, molten lithium 
hydroxide and potassium permanganate against carbon, the emf was 0 773 volt at 508°, 
and 0 822 volt at 616° C Liebenoff and L Strasser found the e m f of a cell with iron, 
molten potassium hydroxide, and carbon as cathode, to be 0 815+0 00105(0-— 500°) volt 
and a cell with iron as cathode, molten potassium hydroxide, and N KOI, Hg 2 Cl 2 , and 
mercury as anode, 18=0 38 volt at 500° R von Hasshnger found that a cell with iron as 
cathode, platinum as anode, and molten lithium or potassium chloride as electrolyte 

Lithium chloride Potassium chloride 

/ ' A X / - s 

350 800 ° 3000 1100 ° 850 ° 050 ° 1200 1500 

E 0 68 1 07 0 88 0 77 0 54 0 75 0 81 0 85 volt 

P Bechtereff found for a cell with iron as anode, carbon as cathode and molten sodium and 
potassium carbonate as electrolyte, JE7=0 32 volt at 1100°, and at higher temp as the elec 
trolyte begins to boil, the emf drops to zero G Gore studied a similar cell with a molten 
mixture of sodium carbonate, calcium oxide, and silica as electrolyte , C P Shrewsbury 
and co workers, with molten potassium nitrate as electrolyte , G Gore, with molten lead 
c wromate as electrolyte , and P Bechtereff, with molten cryolite and 10 per cent alumina 
as electrolyte 

Cells with an iron electrode m the vapour of salts inflames — These were studied by R von 
Hasshnger Iron is positive against platinum with 2 A 7 and 4N soln of lithium chloride 
(l£—0 37 and 0 43 volt), and positive against nickel with 2 A 7 LiCl {E~-0 11 volt) 

LiCl w flame LI Cl vapour m platinum tube 

t ^ - A _ 

1550 1400 1000 800 ° 500 

E 0 37 0 30 0 14 0 16 0 24 volt 

o P 0S1 .^ lve against platinum with 2 N and 4 N soln of ammonium chloi uh (E =0 29 
and. 0 33 volt), and against nickel with 2 N NH 4 C1 {E= 0 05 volt), and similarly with 2 N soln 
of ammonium bromide and iodide (E=0 54 or 0 74 volt) agamst platinum Iron is negative 
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against platinum with 4tN soln of sodium chlonde (EJ= 0 16 volt), and 2N soln of potassium 
chloride , bromide , or iodide (.£7=0 32, 0 37, and 0 26 volt) H J Blikslager studied the 
electrochemistry of iron electrodes in fused alkali chlorides R \on Hasslinger observed 
that iron is positive against nickel with 4JV calcium chloride (£ 7=0 16 volt), and against 
platinum with 4 N and SN CaCl 2 (£7=0 41 and 0 51 \olt) with 4N soln of sti ontium chloi ide 
(£7=0 59 volt), with IN soln of banum chlonde (#=0 30 volt), with 4JV soln of 
ammonium sulphate (£7=0 43 volt) , with a 2M soln of lithium salicylate (£7=0 10 volt) , 
and with a 2M soln of aniline chlonde (£7=0 28 volt) 

S J French and L Kahlenberg showed that the potential of iron m an electrolyte 
depends on the nature of the electrolyte and on the surrounding gas , W Muthmann 
and F Fraunberger, that the potential of the iron electrode is very sensitive to the 
presence of air , and J Stapenhorst, that the longer the time iron is exposed to air, 
the more does the potential approach that of the noble metals If two electrodes 
of iron dip m a soln so that they are separated by a diaphragm, and if air be allowed 
to play about one electrode, the aerated electrode becomes the cathode and the other 
the anode These aerated currents were studied by U R Evans, and F Todt 
Observations were also made by T W Richards and G E Behr, by R Kremann 
and H Breymesser, and by W Rathert Gr C Schmidt observed that the presence 
of nitrogen has no perceptible effect on the electrode potential, but the potential 
is lowered by hydrogen and increased by oxygen, thus 

Hydrogen Oxygen 

, * . , * V 

rune 1 45 71 89 155 217 mm 

E a -0 535 - 0 689 -0 721 -0 744 -0 730 -0 518 volt 

T Andrews observed that when opposite poles of two electrically connected 
magnets of approximately equal strength are immersed in various soln , the north 
pole becomes positive to the south pole When the soln were applied to the upper 
ends of the magnets, the north pole was still positive, but the emf was slightly 
less than before In both cases the south pole becomes momentarily positive at 
the commencement of the experiment — wde passivity of iron for the effect of 
magnetism on the dissolution of iron in mtnc acid He also found that when couples 
consisting of magnetized and non-magnetized bars, simultaneously, were exposed 
to the action of a soln of potassium chlorate with mtnc acid or hydrochloric acid, 
also nitric, hydrochloric, and concentrated sulphuric acids, the magneto chemical 
effects were very small The magnetized rod was the positive element in every 
instance, except when dil hydrochloric acid and cone sulphunc acid were employed, 
when the electro negative effect is possibly due to the presence of nascent hydrogen 
D Hurmuzescu observed that magnetized iron is always electropositive to non- 
magnetized iron , and that the emf depends on the strength of the magnetic 
field 

W Muthmann and F Fraunberger, and T W Richards and 6 E Behr agree 
that the presence of carbon has very little influence on the electrode potential of 
iron — wde supra C E Fawsitt showed that the electrolytic soln press is raised 
by roughening the surface of the metal , and polishing the metal was found by 
W Mu thman n and F Fraunberger, J Stapenhorst, Gr 0 Schmidt, A Speidel, 
H Eggert, Gr Tammann and C Wilson, and H Endo and S Kanazawa — wde 
supra — to make the metal baser towards N FeS0 4 According to T W Richards 
and G E Behr, the potential of iron towards soln of its salts is not perceptibly 
influenced by raising the press on the electrode to 350,000 kgrms per sq cm , 
and likewise also an iron wire, 0 08 cm m diameter, which had been subjected to a 
tension of 61 kgrms , suffered no perceptible change T Andrews, C Hambuchen, 
and W H Walker and C Dill also found that the effect of press and torsion is 
very small , T W Richards and G E Behr, that iron reduced at a low temp is 
baser than when the metal is reduced at a high temp , and E He} n and O Bauer 
found that over-heated iron is nobler than it is when not over heated Hard, 
cold-drawn steel, low in carbon, m feebly acidified 0 12V-FeS0 4 , is 0 040 volt nobler 
than the same metal in the annealed state, andP Goerens found that the difference 
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decreases as the annealing temp is raised H Endo and S Kanazawa found 
the effect of a slight strain on the potential of iron is masked by other influences, 
but with smgle crystals a strained electrode is more electropositive than is the case 
with an unstrained specimen T Andrews found that metal stramed by tension, 
torsion, or flexion is electronegative to the unstrained metal, so that the stramed 
metal, per se, is less liable to corrosion than the unstrained metal I Lifschitz 
andM Reggiam studied the Becquerel effect —10 58,4 -with iron T F Russell 
estimated that the cold-working of iron wherebv 4 6 per cent is converted into the 
vitreous phase, causes an increase of potential energy equivalent to 2 27 cals per gram, 
or 9 49 X 10 7 ergs, on the assumption that the sp ht of crystalline and vitreous 
iron are the same This means that the e m f generated when cold worked steel 
is one electrode and unworked steel the other, will be 0 000275 volt, or 0 000275 X 10 8 
ergs — vide supia, cold working G Tammann and C Wilson found that hard 
iron is baser than soft metal , G Tammann, that the rate of deposition of radium F 
is greater for the hard metal than for the soft metal , and the rate of dissolution 
of iron m acids is augmented by cold working 

According to R Ruer, the cell Ee (passive) HN0 3 (sp gr 1 4) H 2 S0 4 (66 
per cent ) Zn has an e m f of 1 62 volts , and if an alternating current be applied, 
the emf rises to 1 95 volts, and if the alternating current be raised to 3 amp , 
no other change occurs The original potential is restored by removing the applied 
alternating current The cell Fe (passive) H 2 S0 4 (10 per cent ) H 2 S0 4 (66 per 
cent ) Zn has the iron passivated by a direct current of 0 5 amp , and the cell 
gives anemf of 2 85 volt, and by the simultaneous application of an alternating 
current of 1 ampere, the iron is activated, and the emf falls to 0 67 volt 
J C Ghosh found that an alternating current does not change the potential of iron 
m the cells F6 ZnS0 4 Hg, Fe ZnS0 4 Pt, and Fe CdS0 4 Hg P Vaillant 
observed that an alternatmg current acting on the cell +Fe (small electrode) 
NaCl Fe (large electrode), makes the small electrode positive and the large 
electrode negative, and increasing the strength of the current makes the emf 
pass from a positive to a negative value A J Allmand and R H D Barklie 
compared the corrosion of iron by direct and alternating currents The moto 
electric effect , that is, the current produced m a short circuited cell, consisting of 
two similar electrodes, m the same electrolyte, by the movement of one of them was 
discussed by A H Bucherer, W Kistiakowsky, H 0 Regnart, and W J Muller 
and K Konopieky S Procopiu measured the emf of a moving electrode of iron 
m water, 0 2 N H 2 S0 4 , and 0 2 N HN0 3 , and found respectively 0 052, 0 062, and 
0 072 volt According to E Bouty, if one of two electrodes m a ferrous or ferric 
salt soln be heated, anemf is developed — 0 000002 volt per degiee with the former, 
and 0 00156 volt per degree with the latter — which is smaller with the ferrous than 
with the feme salt soln C E Mendenhall and L R Ingersoll found that small 
globules of iron in Nemst’s glower move agamst the current 

When two similar electrodes are placed in a salt soln , and one electrode is 
placed m a magnetic field, an e m f is developed A H Bucherer, W Rathert, 
and T W and W T Richards attributed the phenomenon to changes produced in 
the concentration of the electrolyte T Gross showed that with cone soln of 
feme chloride or nitrate, or an acidified soln of ferrous chloride or sulphate, an 
e m f is developed if magnetized and non-magnetized iron electrodes are employed, 
and the emf and direction of the current re the same whether the north or the 
south pole of the magnetized rod of iron dips in the soln E L Nichols and 
W S Franklin showed that if both electrodes be magnetized, one more intensely 
than the other, a current flows from the more strongly magnetized, electrode to the 
other electrode Observations were also made by G O Squier T Andrews 
found that the direction of the current is different with diff erent soln The 
magnetized pole is positive with soln of cupric sulphate, nitrate, acetate, chloride or 
bromide, nickel chloride, ferrous sulphate or chloride, mix tures of nitric acid with 
ferric chloride alone or mixed with potassium dichromate with or without ferric 
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chloride, mixtures of potassium chlorate with nitric or hydrochloric acid, aqua 
regia, a mixture of a soln of potassium bromide and bromine , the current flows fro m 
the non-magnetized to the magnetized electrode, and with sulphuric or hydrochloric 
acid, the current flows m the reverse direction D Hurmuzescu said that with 
oxalic acid, the magnetized electrode is positive A H Bucherer found that with 
magnetized and non magnetized iron electrodes the e m f at 18° with 18i\f-Feo(S0 4 ) 3 
was 0 068 volt , with 1 5A-FeCl 3 , 0 005 volt , with 5tf-HN0 3 , 0 028 volt " with 
N KC10 3 and 2A-HN0 3 , 0 002 volt , with 0 2jV-H 2 S0 4 , 0 0008 to 0 001 volt , 
and 0 2A r -CuS0 4 , 0 014 volt T Gross observed a current of short duration first 
flowing from the non-magnetized to the magnetized electrode , H A Rowland 
and L Bell called this the primary current, and A H Bucherer thought it was 
due to the shakmg of the electrode E L Nichols and W S Franklin found that 
the emf of the cell Fe (magnetized) (K 2 Cr 2 07 -[-H 2 S 0 4 ) Pt increases with 
increasing field strength, H gauss 

H 2,000 3,600 7 770 8,400 12 750 16 300 19,700 

Emf 0 0008 0 0045 0 0386 0 0424 0 0487 0 0510 0 0680 volt 

Observations were also made by D Hurmuzescu, and P Janet, and E Staicu 
E Staicu also showed that the e m f is greater, the smaller the concentration of 
the iron salt soln used as electrolyte , thus, with field strengths of 4700 and 5750 
gauss, the e m ff developed with 9 88 grms of FeCl 3 per 100 c c of water are 
respectively 0 0276 and 0 0302 volt, and with a soln of 0 988 grm per 100 c c of 
water, respectively 0 03609 and 0 04059 volt T W and W T Richards found 
that with the application of a magnetic field for 20 secs , the e m f of the cell 
— Fe 1 02A-FeS0 4 N- KC1, Hg 2 Cl 2 Hg+ falls about 0 001 volt , and if the iron 
is charged with hydrogen, the fall of the e m f is greater, and is nearly proportional 
to the intensity of the magnetic field The phenomenon was discussed by 
A H Bucherer, P Duhem, D Hurmuzescu, W Rathert, and T W and 
W T Richards C Mauram discussed the magnetic properties of iron m the act of 
deposition , and O M Corbmo, the polarization of colloidal iron in a magnetic field 
From W Nernst’s formula, E=—(RTIti) log (P/p), where p is the osmotic 
press of the metal 10 ns, and P is the solution pressure — 1 16, 3 — if E is zero, p—P 
For a concentration [Fe ]=1, and if the osmotic press p=22 atm , and E= 0 153 
volt, then 0 153= JxO 059 log (P/22) for Fe=Fe , or, at 18° the soln press is 
3 3x 106 a tm , and similarly for Fe^Fe , at 18°, the soln press is about 1 4 atm 
Metallic iron thus behaves as if it were an alloy of ferrous and ferric iron with soln 
press m the ratio 1 10~ 6 The soln press can also be regarded as a measure of 
the tendency of the two 10 ns to give up their charges This tendency is very much 
greater with ferric than it is with ferrous 10 ns It can also be regarded as 
representing a tendency of the ferrous 10 ns to acquire an additional charge R Abegg 
and G Bodlander discussed the affinity of these 10 ns for electric charges, and 
observed that the electroaffimty of ferrous 10 ns is far greater than that of ferric 
10 ns, andK Schaum said that of the two forms of ions, ferrous 10 ns are the stronger 
The work involved m the production of the different stages of oxidation of iron 
can be calculated from the precedmg formulae In an electrolytic cell, both ferrous 
and ferric 10 ns can lose their charges at the cathode, or the ferric 10 ns can be reduced 
to ferrous 10 ns , and at the anode, Fe 10 ns can be oxidized to Fe - 10 ns, or with 
an anode of iron, iron can produce Fe - 10 ns, or Fe - 10 ns In order that these 
changes may occur, the electrode must not only be charged with a definite quantity 
of electric lty, but it must be also charged to a minimum potential* If an iron wire 
dips into a soln of ferrous 10 ns of unit concentration, the electrode Ph~ — 0 43 volt 
when the system is m a state of equilibrium , but if the wire is polarized by a 
positive potential, it follows from E-&=—0 43+ixO 058 log [Fe ] volt, that this 
corresponds with a higher cone of the Fe - 10 ns for equilibrium, and accordingly 
Fe - 10 ns pass into soln , and conversely, if the iron receives an additional negative 
potential, Fe - 10 ns will be discharged to form metallic iron Consequently, if 



222 


INORGANIC AND THEORETICAL CHEMISTRY 


iron is to be deposited from a solii of d ferrous salt, tlie potential of the cathode 
must exceed that value below which iron passes into soln This subject was 
discussed by F Forster, and H Lee Remembermg also that the potential for the 
change Fe^Fe is —0 43 volt, and for Fe^Fe , —0 04 volt, it follows that ferric 
ions have a greater tendency than ferric ions to form iron Hence, m a mixture of 
ferric and ferrous ions it might, at first sight, be assumed that on electrolysis, the 
first change to occur will be Fe ->Fe Actually, it is easier to reduce ferric to 
ferrous salt Fe ->Fe , because less work is required for the “ distribution ” 
of the positive charges When the process has continued long enough, and 
the ratio [Fe ] [Fe ] corresponds with 0 75+0 058 log [Fe ]/[Fe ]=— 0 04 
+J0 058 log [Fe ], the work required for both changes is the same This condition 
is satisfied when nearly all the ferric ions have been converted into ferrolis ions 
When the cathodic reaction Fe — >Fe is about completed, and the ratio [Fe ] 
[Fe ] is favourable for the discharge of the Fe -ions, it is necessary to raise the 
cathode potential in order to keep the process continuous, and it thereby attams 
a value which also favours the direct reduction of the feme ions to the metal 
Hence, all three reactions — Fe ~>Fe , Fe ~>Fe, and Fe -+Fe— can take place 
simultaneously , but since the concentration of the Fe -ions is very small, the 
work done at the cathode is virtually all expended m reducing the ferrous ions to 
the metal Consequently, m the electrolytic deposition of iron it is best to work 
with a soln of a ferrous salt Y Kohlschutter and H Stager studied the anode 
reactions , and A P Rollet, the electrode reactions of iron m sulphuric acid, and 
alkali-lye under the influence of an alternating current, and noted that the electrodes 
are alternately covered with oxide and with powdery metal 

According to R S Lillie and S E Pond, an electric current corresponding witli a 
potential of 10 volts flowing across a caoutchouc membrane of thickness 40^ interposed 
between two electrolyte soln , one of which is a mixture of ferrous chloride and potassium 
thiocyanate, causes oxidation of fenous to feme iron at the suiface of the membrane 
facing the cathode 

According to E J Mills, when iron is deposited electiolytically on the bulb of a thermo 
meter, a pressure, which has been called electroetnction is exerted, so that the bulb of the 
thermometer contracts The phenomenon was studied by E Bouty, who found that 
when first deposited, the film of metal may have a higher temp than the electrolyte, and 
as the metal cools, it will contract and exert a pressure In some cases there is a cooling 
effect, so that the metal immediately after deposition is heated, and expands This subject 
was discussed by V Kohlschutter and E Vuilleumier, Y Kohlschutter and A Nageli, 
V Kohlschutter, G G Stoney, BHD Barklie and H J Davies, and H Stager — vide 
nickel 

The minimum cathode potential for the electrodeposition of iron is not the same 
with different soln In the presence of other metal ions, the result depends on 
the cone of the Fe -ions, and on that of the H ions Complex salts may be formed 
m the soln which, when neutral, produce so small a proportion of ferrous ions that 
there is no electrodeposition Thus the iron may not necessarily be cathodically 
precipitated from normal acidic molar soln of ferrous chloride The electrode 
potentials of the reactions Fe ->Fe and 2H ->H 2 are, respectively, —0 43 and 0 0 
volt So little work is required for the separation of gaseous hydrogen that it is 
given off at once from the cathode, the cone of the H -ions is not much impoverished, 
and with high current densities it is scarcely possible to make the cathode potential 
as negative as is required for the deposition of iron Fe ->Fe 2 From the relation 
—0 43+J x0 058 log [Fe ]=0 0+| x 0 048 log [H l 2 , it follows that when the same 
work is involved in the separation of iron and hydrogen from molar soln , 
[H ]=3 8xl0“ 8 H F Haworth discussed the resistance of soln of ferric chloride 
with an alternating current S Gladstone found the deposition potential of iron 
from normal soln to be 

1j° 30 50° 70 oo 

-0 68 -0 55 -0 49 -0 40 -0 40 

0 22 0 09 0 03 ml ml 


Potential 

Overvoltage 
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The rev ersible potential of iron in N soln of a ferrous salt is probably —0 4b, as 
found by W H Hampton, so that at temp of about 70° iron may be deposited 
almost reversibly 

The hydrogen overvoltage of iron was discussed by J N PrmgandJ R Ourzon, 
andC W Bennett and J G Thompson As with most metals, electrolytic hydrogen 
does not develop with the potential of H =H 2 because there is an overvoltage 
effect, which W A Caspari found to be E-&——0 08 volt for smooth iron m a soln 
of sodium hydroxide If the overvoltage effect is independent of the electrolyte 
and the current density, the above relation becomes 0 43+JxO 058 log [Fe ] 
=0 0+Jx0 058 log [H ] 2 — 0 08, so that the same work is required for the separa- 
tion of iron and hydrogen from a molar soln of ferrous chloride with a H -ion 
concentration of 0 9 X 10“ 7 This is nearly the same as for a neutral soln which 
approximates to 0 74xl0 — 7 , and this means that hydrogen is also given off when a 
neutral soln of ferrous chloride is electrolyzed A Coehn and K Dannenberg 
gave E-r = — 0 03 volt for the overvoltage of hydrogen in 2V-KOH H G Holier 
obtamed —0 23 volt , G Carrara, —0 21 volt , M Centnerszwer and M Straumams 
g ave —0 28 volt at 20° , B Newbery, —0 30 , and A Thiel and W Hammer- 
schmidt, - 0 17 B Forster, and 0 Mustad studied the effect of the H -ion 
concentration in hydrochloric and sulphuric acid soln , and of additions of 
ammonium chloride, sodium hydrocarbonate, and bone acid A Thiel and 
E Breunmg gave for iron etched with sulphuric acid at 25°, and m 

JV'KOH N NaOH 1 3V LiOH N KH 2 P0 4 5N KC 2 H 3 0 2 5VNaC a H 3 O a 

"Overvoltage 0 075 0 087 0 056 0121 0 176 0 127 

The two alkali acetate soln were mixed with 2 N acetic acid E Newbery obtamed 
the cathodic overvoltages 2 £h milliamps in N- H 2 S0 4 , and N -. NaOH at 15° with a 
current density D 
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The cathodic overvoltages m 2 V-H 2 S 04 of iron of a high degree of purity , steel with 
0 5 per cent of carbon , and chrome steel with 10 per cent of chromium, were 
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U C Tamton found that a high current density increases the hydrogen overvoltage 
of the iron cathode A L McAulay and co-workers found that when there is no 
sensible concentration of the ions of an iron electrode in a soln , and when the 
electrode is not covered by an oxide film, its potential is determined by the H -ion 
concentration if its hydrogen overvoltage is positive to the deposition potential 
which it would have m a soln of the order of 0 OOliV of its own ions When this is 
not the case, the potential is controlled by the concentration of the anions, probably 
actmg through a film of electrolyte in contact with the metal and with a concentra- 
tion of the iron ions of the order 0 00012V G R Hood and F C Krauskopf 
studied the hydrogen overvoltage m connection with the efficiency of the electrolyte 
reduction of aq soln of potassium chlorate o 

M Knobel and co-workers found for 22V-H 2 S0 4 at 25 

D 0 I * 10 100 200 500 1500 

0 2026 0 4036 0 5024 0 5571 0 8184 0 9854 1 2561 1290b 

M Centnerszwer and M Straumams found that with a current density of 0 075 amp 
per sq cm , the overvoltage is independent of the current density Observations 
on the overvoltage, and the iron cathode were also made by S Glasstone, 
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N Koboseff and N I Nebrassoff, H L Lochte, H L Lochte and R E Paul, 
E Newbery, and M Bodenstem S Glasstone found that when an alternating 
current of 0 10 max amp is superposed on a direct current of 0 12 amp , the over 
voltage m IV-NaOH is 0 64 to 0 66 volt, and m N H 2 S0 4 , 0 67 to 0 71 volt The 
overvoltage may be augmented m the presence of some organic substances 
A Sieverts and P Lueg observed that the overvoltage of iron m acid is very little 
affected by the presence of a naphthaqumone , the ether soluble, basic constituent 
of crude anthracene increases the overvoltage No connection was observed 
between the retardation of the rate of dissolution m acid, and the overvoltage, but 
it is assumed that the “ poison ” is adsorbed on the metal surface, and reduces the 
amount of metal accessible to the acid L G Knowlton found the overvoltage m 
2 N H 2 S0 4 sat with aniline is 0 05 volt higher than with the acid alone , 
E L Chappell and co workers observed the overvoltage with different kmds of 
iron m N H 2 S0 4 is augmented by the addition of quinoline ethiodide — vide Figs 
275 and 276, corrosion , and J C Warner found that the addition of gelatin raises 
the overvoltage U Sborgi and G Cappon, and G Carrara found that in an 
alcoholic soln of N - KOH the overvoltage is 0 23 volt, and with a methyl alcohol 
soln , 0 26 volt at 19° to 20° 

According to A Coehn and Y Osaka, an iron wire dipping m 2V-KOH gives a 
current-voltage curve corresponding with an oxygen overvoltage of 0 24 volt 
E Newbery found that with a current density, J), in N H 2 S0 4 and W-NaOH, at 15°, 
the oxygen or anodic overvoltages are 
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Observations were also made 


by S Glasstone, and F Meumer If a direct current of 0 12 amp has superposed 
an alternating current of 0 07 to 0 10 amp , the oxygen overvoltage m iV-NaOH is 
0 52 to 0 54 volt, and in N H 2 S0 4 , 0 62 to 0 74 volt L W Haase found that 
the oxygen depolarization current varies with the illumination of the system iron 
platmum with water or a dil soln of potassium chloride U Sborgi and G Cappon 
found that the anodic behaviour in ethyl alcohol soln of ammonium and calcium 
nitrates show that it is passive at all temp and current densities employed 
R A Dengg and H J Donker measured, with inconclusive results, the polarization 
of different types of iron and steel in 0 IN KC1 and 0 1M-K 2 C0 3 W M Thornton 
and J A Harle, and K Georgi studied the anodic corrosion of iron , and 
A J Allmand and R H D Barklie, the effect of alternating currents on the 
electrolytic corrosion of non J W Shipley and C F Goodeve found that m the 
electrolysis of a soln of sodium hydroxide with iron electrodes and an alternating 
current the critical density of 3 8 amp per sq cm must be exceeded before 
gas is evolved , with steel electrodes, the critical density is 4 5 amp per sq cm 
A P Rollet studied the anodic behaviour of iron in acidic or alkaline soln , and 
R T Dufford, the photovoltaic effect with cells containing an ethereal soln of 
Grignard’s reagent and non 

A Gunther-Schulze studied the electrolytic valve action of iron in fuming 
sulphuric acid With an anodic current density of 0 003 amp per sq cm , and 
60 per cent sulphuric acid, the valve action appears, and with 75 per cent sulphuric 
acid the valve action gradually changes into passivity , and with higher concentra 
taons, the valve action is stable Alternating currents are rectified by the iron under 
these conditions A layer of oxide is formed The rectification m 89 per cent 
sulphuric acid at 0° is equal to that with aluminium W Winter observed that the 
rectification occurs in dil soln of sulphuric acid, and potassium hydroxide , it is 
only slight m hydrochloric acid, and does not occur m nitric acid One per cent 
sulphuric acid was found by W Holtz to exert a small valve action 
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According to A Gunther Schulze with polarizing iron anodes md a, constant 
current, and with sulphuric acid of less cone than 50 per cent the iron is only 
rendered passrv e, but above 60 per cent and a current of 3 milhamp per sq cm , 
valve action occurs before the metal becomes passive The electrolytic valve action 
below 75 per cent concentration of acid is unstable and slowly changes to passivity, 
but at higher concentrations is stable The maximum potential varies according 
to the concentration of the acid between 40 and 70 volts Below the maximum 
potential the residual current which flows through the cell is very small Iron, both 
m cone and m fummg sulphuric acid, has, like aluminium, the property of partially 
transforming an alternatmg current into a direct current The electrostatic capacity 
of the active lay er formed on iron is of the same order of thickness, and depends on 
the water-content of the sulphuric acid in the same way as does that on aluminium 
I Lifschitz and M Reggiam found the valve action is reduced by illumination 
F Marx described an iron accumulator with two iron negative electrodes, and an 
intermediate porous carbon block as positive electrode , the electrolyte is a hydro- 
chloric acid soln of ferric chloride, which is reduced by the discharge and oxidized 
by the charge The Akkumulatoren Werke tried the cell with an iron electrode, 
alkali lye, or a soln of sodium carbonate, potassium dichromate, or phosphoric 
acid, and an electrode of ferric oxide, and A P T Tully, iron m a soln of ammonium 
chloride, and carbon m nitric acid or bromine water C R Hardy studied the 
screening effect of ferrous hydroxide on the iron anode 

Several measurements have been made of the decomposition voltage of ferrous 
salt soln The current potential curves of these soln show a break corresponding 
with the decomposition voltage The cathode potential does not show such a 
break, because hydrogen is evolved simultaneously with the iron The mi ni m um 
voltages required for the separation of iron from ferrous salt soln were found by 
F W Kuster to be 
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and for 0 l#-FeS0 4 with 0 01 N H 2 S0 4 the values for foil and wire cithodes are 
respectively 0 683 and 0 747 volt, and with no acid, 0 648 and 0 673 volt Hence, 
iron is deposited on the foil before it is deposited on the wire 6 Goffetti ind 
F Forster tried the effect of gradually increasing the current density— amperes 
per sq cm- at the cithode m the electrobsis of A r -FeS0 4 , time constant The 
voltage, %, at which iron and h) drogen are simultaneously formed, and the current 
yield are as follow 


Current density 
Acidity 

JEu. 

Current yield 


0 0011 i 0 00227 0 00455 0 0091 0 0182 

0 0025N 0 005A 0 007 5N 0 01A 0 02N 

0 70 0 71 0 73 0 75 0 79 

20 31 38 — 50 


F Forster found the effect of temp and current density, D10 4 amp per sq cm , 


to be 
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S Glasstone found that with a i 
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Observations were also made by G (Joftetti and F Forster, \V A Noyes, C Mane 
and N Thon, F Meumer, and A Smits and A H W Aten E Muller and 
I Jamtzki studied the effect of rubbmg on the potential m soln of acids, bases, 
and neutral salts, E S Hedges, the periodic electrodeposition of iron from soln 
of potassium ferrous cyanide , V Sihvonen and G Kerkkanen, the effect of a 
magnetic field on the electrolytic potential , and IT Sborgi, on the anodic behaviour 
of iron 


A F W von Escher found that m the electrolysis of a soln of zinc and ferrous 
sulphates m equal proportions, the alloys deposited at 18°, and at 90° with small 
m current densities consist principally of 





athode potential 





mu r 1 1 1 — i 1 r r r \ \ r i j * 

zmc , an excess of iron m the deposit 
$ j under these conditions can be obtamed 

only when the proportion of ferrous 
sulphate is preponderating In Fig 
274 the results with a soln contain 
0 8 ^ mg 0 01N-H 2 SO 4 and Fe Zn=9 1 5, 

I at 90° The transition from high to 
^ low proportions of iron occurs at low 
|1 current densities The transition to 
0 7 ^ deposits with a high proportion of zmc 
occurs at the higher current densities 
^ The current efficiency is below 90 per 
cent at low current densities, and 
above that value at high current densi 
ties When the ratio of Fe Zn is 
9 0 63, the transition occurs at a 
JS 20 25 30 35° 5 curren t density of 0 035 or 0 040 amp 

Cathodic current density- amps per sq cm* !0 l per sq cm , with the ratio 9 1, at 

0 022 amp per sq cm , and at 9 15, 

Fig 274—The E ^ ect °{ Curr ? n ~ Dexwx & on at about 0 020 amp per sq cm 

the Simultaneous Deposition of Zmc and Iron am x , \ , 

S Glasstone studied this subject, 

W H Creutzfeldt, the deposition of iron from soln of copper and iron salts , and 
J Prajzler, the simultaneous deposition of iron and other metals related to iron 
F Forster concluded that small quantities of zmc, like hydrogen, exert a 
retardmg influence, and since cathodic polarization varies here with the current 
density similarly to anodic polarization, F Forster speaks of cathodic polanzation 
—mde infra , passivity The phenomenon was discussed by G Grube, and A Smits 
The polarization of iron electrodes was studied by M le Blanc, F Forster, 
E Vogel, E Liebreich, A Smits and A H W Aten, and C M Gordon 
and F E Clark G Grube observed that whilst anodes of nickel, cobalt, copper, 
gold, and platinum do not become polarized when ferrocyanide m alkaline soln 
is electrolytically oxidized, anodes of iron, nickel copper, cobalt, lead, and silver 
become polarized in a neutral soln of potassium ferrocyanide and ferricyamde, 
and anodes of non, lead, silver, and zmc become polarized also m alkaline soln 
of these substances In all these cases there is evidence of the formation of a 
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surface film of oxide, and it must be assumed that m these cases the oxidation 
of the ferrocyanide is effected by the intermediate formation of peroxides Since 
at electrodes of gold and platinum m neutral and alkaline soln , at electrodes of 
nickel, cobalt, and copper only m alkaline soln , of potassium ferrocyanide and 
ferricyamde oxidation of the former salt takes place at the same potential and 
with the same velocity, it is improbable that the passivity of these metals is due 
to a layer of okide , it is probably due to the effect of the oxygen charge of the 
electrode m retardmg the liberation of cations from the metal It is shown that 
an electrode immersed in alkaline ferrocyamde ferricyamde soln becomes more 
billy charged with oxygen than in neutral soln , and this explams the greater 
passivity in alkaline soln In the case of iron, the oxygen charge does not com 
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pletely hinder the liberations of Fe ions from the metal, and therefore there is 
the possibility of the formation of a surface film of oxide on the anode 

W J Muller observed that iron dissolves anodieally at all current densities 
without measurable polarization , and that the current voltage curves of iron 
anodes show that the passive state is preceded by the formation of a film of a basic 
salt or hydroxide of iron which causes a local mcrease of current density, and the 
high current density inaugurates the passive state According to E Liebreich, 
during cathodic polarization, the charged hydrogen first formed at the cathode 
is absorbed either by the metal or by the solution, leaving a film of solution con 
taming an excess of hydroxyl ions which react with the metal to form basic salts 
or hydroxide , as the polarization increases, the mcreasmg quantities of hydrogen 
produced reduce these salts again to metal, after which the hydrogen is evolved 
m bubbles 

F Forster, and H Lee found that the yield is mcreased by raising the temp 
M M Tichwinsky, also, found that 0 3 volt more is required for the separation 
of iron from a soln of ferrous sulphate m darkness than m light 0 Benedicks 
and R Sundberg found that the potential of a carbon steel is affected by light 
provided that some ferric ions are present A photo cell was constructed by means 
of two strips of stainless steel, since, when immersed m a soln of ferrous sulphate, 
light increases the value of the electrode potential, making the steel slightly more 
basic 

A Fmkelstem measured the current-voltage curves at the anode for soln of 
ferrous salts, and the results are shown m Fig 275 , and for soln of ferric chloride 
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Fig 275 — Current Voltage 
Curves for Ferrous Chlo 
nde Solutions at the 
Anode 



Fig 276 — Current Voltage 
Curves for Feme Chloride 
Solutions at the Cathode 


at the cathode, in Fig 276 The breaks m the curves with 0 IN-, 0 01 N-, and 
0 OOliV-FeCls occur respectively at E\ u=0 82, 0 79, and 0 75 volt The soln 
were all 0 1 N- with respect to hydrochloric acid The current, C, is expressed 
m arbitrary units A Fmkelstem said that the break occurs at the cathode when 
the iron itself separates m the feme state , and this very quickly is reduced to 
ferrous iron, which then dissolves m the ferrous salt soln -vide infra, passive iron 
A Fmkelstem also determined the emf of iron electrodes against various soln , 
and observed that the addition of potassium cyanide to the soln greatly lowers 
the e m f , and in soln of mixed ferrous and feme salts, the e m f decreases as 
the ferrous salt is replaced by feme salt C Fredenhagen discussed whether at 
the electrode during the electrolysis of ferrous or feme salt soln (i) a direct change 
Fe +(e)^Fe occurs, as supposed by A Fmkelstem or (u) whether the action 
involves the secondary changes H - (e)~ H, or 2 OH 7 [ 2(e) — H 2 0 | O, and sub 
sequently 2H+2Fe -=2Fe f2H, or 0 I H s O +20H According to 
R Abegg and T Neustadt, the potential of teirous and feme salts dissolved in 
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pyridine is toast ant, showing that the change is direct Fe +(e)— I e In the first 
case, the speed of the electrical change depends on the diffusion of the iron salts to 
the electrodes, and in the second case, on the speed of the chemical reactions as well 
The speed of the chemical reactions are very great, so that the speed of the electrical 
change depends only on the rate of diffusion Z Karaoglanoff observed that the 
rate of reduction of a ferric salt by electrolysis depends on the rate at which ferric 
ions can be changed mto ferrous ions at the electrode, and on the rate at which 
ferric ions can diffuse into the layer of soln m contact with the electrode In a 
soln which is not stirred, convection also occurs , owing to the changes of com 
position and density m the soln near the electrode, convection currents are pro 
duced which tend to keep up the concentration of the ferric ions at the electrode 
The same considerations hold good for the oxidation of a soln of a ferrous salt 
The time t durmg which a current C must flow in order to diminish the concentra 
tion of ferric or ferrous ions at the electrode to such a value that hydrogen (or 
oxygen) is evolved m a soln of concentration c, is given by CV t—kc, where k is 
a constant which is proportional to the square root of the diffusion coefficient 
of the salt This formula is shown to hold good for ferrous and ferric salts so long 
as the current is not too small For very small currents, convection at the elec 
trode suffices to maintain the concentration of the ferrous ions above the limit 
at which gas is evolved The potential of the electrode durmg the period m which 
the concentration of the iron salt is diminishing is also measured, and the curves 
obtained are found to have the general form required by the assumptions that the 
loss of ferric ions at the electrode is being replaced by diffusion, and that the relation 
between the potential of the electrode and the concentration of the soln is given 
by R Peters’ formula E^ L —RT\og{xl(l—x)} J r E Qi where x denotes the fractional 
part of the iron which is present as ferrous salt T Graham’s experiments show 
that ferrous and ferric ions diffuse at about the same speed 

In the electrolysis of iron salts, the acidification of the soln lowers the yield, 
and unfavourably influences the nature of the deposit Neutral soln give the 
best results , but, as shown by G Coff etti and F Forster, and A Ryss and A Bogo 
molny, with the discharge of H ions at the cathode, there is a tendency to form 
some ferrous hydroxide which oxidizes easily, and is apt to spoil the deposit It 
is therefore advisable to add to the electrolyte some substance which hinders the 
precipitation of the hydroxide, and forms complex iron ions A Classen, B Neu- 
mann, and E F Smith recommended forming complex citrates, tartrates, or 
oxalates for the electrodepositidn of iron for analytical purposes, but ordinary 
chemical processes are usually more convement *for the determination of iron 
F Braun discussed the electrostenolysis of iron —vide cobalt 

According to A Skrabal, two lands of iron are produced by electrolysis Type A 
is white, compact, and very hard, and it is obtained by electrolyzing a soln of a 
ferrous salt with an iron anode, and small current density , while type-R is greyer 
m colour, less compact, and softer than type- A , it is produced when a platinum 
anode with a large current density is employed, and a soln of a complex ferrous 
salt By varying the conditions between these two extremes, intermediate types 
may be formed By electrolyzing a soln of ferrous ammonium sulphate with a 
platinum cathode, an anode of electrolytic iron, and an e m f of about 0 4 volt, 
the deposit is silvery white and sometimes crystalline It dissolves slowly in 
warm, dil sulphuric acid, and rusts m moist air Sometimes specimens are obtamed 
which are scarcely attacked by acids or halogens Type-^4 is always hard, and 
it usually scratches glass , it is also brittle, but it loses these qualities when it is 
heated to redness When the iron is exposed to air, it slowly loses occluded 
hydrogen, and more rapidly when it is immersed m hot water This loss of 
hydrogen does not diminish its hardness and brittleness A Skrabal thinks that 
non of type A is y-iron, and it is therefore u nst able at ordinary temp When 
heated, it changes mto stable a-iron which is soft It cannot be hardened by 
heating and sudden quenching, owing to the high temp at which y-iron changes 
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into jS-iron The presence of large quantities of hydrogen is attributed to the 
greater solvent action of y iron, which is known to dissolve carbon much more 
readily than a-iron H Lee, F Haber, and others have studied the hydrogen 
content of electrolytic iron— We infra, action of hydrogen W J Muller and 
K Konopicky discussed the residual current , and A M Hasebrink, the electrolysis 
of a soln of potassium nitrate with iron electrodes 

About 1820, T J Seebeck 4 first observed that heat could be transformed 
into electrical energy— the so-called thermoelectric force— without the intervention 
of a liquid, and he arranged a number of metals and alloys in the order of their 
thermoelectric effects , he also noted that changes m the order occurred as the 
terrip was gradually raised, but J Cummmg had also observed that when wires 
of copper, gold, etc , were gradually heated in contact with iron, the current 
generated rose to a maximum, fell off, and was reversed at a red-heat F T Trouton 
observed that a thermoelectric current is produced in iron and steel by a moving 
source of heat, for if an iron or steel wire be heated to redness at any one pomt of 
its length, and the source of heat, such as a Bunsen flame, be moved along, an 
electric current is set up m the direction m which the flame travels By means of 
clockwork the flame can be caused to move continuously, and a continuous circuit 
obtained There are, however, no signs of e m f in the circuit until the recalescent 
pomt is passed , then re-glow takes place behind the moving flame and the coolmg 
effect m front This thermal difference is thought to be an effect of the resultant 
e m f , for it ceases when the flame ceases to move, and is absent m those metals 
where* recalescence does not occur Hot iron is thermoelectncally negative to 
c old iron, but at the critical pomt a large increase m the e m f is suddenly developed 
H Tomlinson has shown that non at a bright red-heat m contact with iron at the 
temp of the air develops an t m f of about one twentieth of a volt, or upwards 
of twice that between a bismuth and mtunony couple with a temp difference of 
100° between their junctions E 1) Campbell and B A Soule compared the 
thermoelectric force of the two ends of a coolmg bar of iron The thermoelectric 
force of metals was studied by J Galibourg, SWT Smith and co-woikers, 
P Nicolau, and K Cazaud, G Tammann, G Tammann and G Bandel, A Egai, 
and E D Campbell and W C Dowd studied the effect of heat treatment, etc , on 
the thermoelectric force of these metals against iron 

The thermoelectric force of a couple made of annealed and unannealed iron 
showed a sharp maximum at 490° and a minimum at 790° The e m f of iron 
against platinum at 100° when the cold joint is at 0°, was found by W Jager and 
H Diesselhorst to be 1 45 millivolt, where the positive sign means that the current 
flows through the cold junction to the platinum J Dewar and J A Fleming 
gave 1 91 millivolt , G K Burgess and H Scott, 1 88 millivolt , and E Wagner, 
177 millivolt A Goetz gave for JS'xlQ- 6 volt per degree, with purified iron 
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G K Burgess and H Scott s results for the thermoelectric force of a platmum- 
uon couple with iron of 99 968 per cent purity, are shown in Fig 277 ey 
say the As-transformation in iron is indicated by a marked discontinuity Ac 3 
being always above Ar 3 The arrests are located at approximately the same 
temp by the thermal, crystallographic, magnetic, electrical resistance, dilatational 
and thermoelectric methods, namely, Ar 3 just below 900 , and Ac s slightl} above 
910° 0 These physical discontinuities are apparently all a measure oi tJie same 
transformation At the A 2 arrest, the thermoelectric force-temp curve has a 
break, or change in direction , and the other physical properties, except the crystal- 
lographic change, which has not been detected at A 2 , appear to undergo abrup 
hut slight modification — except for the magnetic change, which is relatively 
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enormous here It is considered that the A 2 - and A 3 transformations are essentially 
different m kind, hut nevertheless both have a distinct physical existence , or, m 
other words, A 2 and A s are critical pomts that may be said to delimit a-, p , and 

y iron There appears to be no break or dis- 
** ~ 23 \ contmuity m the thermoelectric properties of 

z/ A iron between 0° and 768° , the actual shape of 
19 \ the curve for the thermoelectric force is, of 
j 5 § course, contributed to by both the iron and 
l3 v the platinum At about 880°, m the p range, 
// *§ there appears to be a slight discontinuity in 
3 ^ the thermoelectric properties of iron The 
7 $ subject was also studied by J F T Berliner 

r 700° 400° 600° 600 h 000 3 6ahbo ^ J studied the effect 

of agemg on the result W Bromewsky ob- 
Fig 277 —The Thermoelectric Force served a critical point at 1020° with a thermo- 
and Peltier Effect with the Plati C ouple of platinum and electrolytic iron 
num on oupe Q Belloc obtained the results summarized in 

Fig 278 for steels containing different proportions of carbon against platinum 
The minimum at 380° has not been explained He said that his observations 
show that p iron forms solid soln with a-iron between 730° and 750°, and with 
r i j | i t ~; y iron between 950° and 1020° Some other explanation 
| than this is probably needed _ M von Laue and G Silje- 

k “ holm observed an abnormal effect near the A 3 -arrest Ob- 
is servations were also made by 0 Chwolson, J R A Mous- 

*1 J+pf rW\ son > H G Magnus, and W Thomson (Lord Kelvin), who 
| L 1 1 gJ toun& that hard-tempered steel is the negative to soft 
0° 400 800 ° U00 steel For couples of magnetized and non-magnetized iron, 
Fic 278 — Thermo vide infra The differentials of the platinum-platmum 
md ° f ^ ]+tmum electrolytic iron couple 

Iron Copper Couples ]^h temp were measured by W Schneider, and the curve 
for the platmum-iron couple, plotted m Fig 280, shows a 
change of direction at A 2 , and sharp breaks at A 3 and A* Some hysteresis is 
shown at the A 3 -arrest 
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F Hoffmann and A Schulze obtained values between 0 1 and 1 0 millivolt larger 
R von Dallwitz- W egner studied the subject W Rohn, E P Harrison, and 
L Holborn and co-workers obtamed for iron against nickel 

— 185 0° 100 300 oOO 700 900° 1100 

Emf —508 0 +3 13 +92 +11*8 +149 +195 +23 7 

J P Joule found that ordinary cast iron is thermoelectncally negative towards 
copper H K Onnes and 6 Holst gave for iron against copper at —192°, —250°, 
—268 74°, and —269 80°, respectively -1 293, -1 319, -1 309, and —1 309 
millivolts E L Dupuy and A M Portevm found the thermal emf of various 
steels against copper, in millivolts, when the steel contamed up to 0 05 per cent 
of silicon , up to 0 09 Mn , up to 0 025 P , 0 022 S , and 0 011 As 


Carbon 

0 

0 07 

0 24 

044 

0 79 

1 12 

X 68 per cent 

/ gQO 

Annealed< jqq 0 

12 20 

18 71 

10 90 

9 50 

7 90 

5 90 

6 61 

8 70 

8 55 

7 65 

6 20 

5 40 

4 10 

4 15 

/ gQO 

Hardened| jqqo 

— 

12 35 

9 81 

5 10 

0 92 

-5 15 

-6 40 

— 

8 73 

6 93 

3 46 

-1 32 

-5 70 

-15 80 


For these percentages of carbon, c for annealed steels, the emf in millivolts per 


degree between — 78° and 0° is 
F=4 6c+8 7 , and for hardened 
steels between —78° and 0°, 
7c-)-13 5, and between 
0° and 100°, j£=-13 9c+9 9 
The decrease in the emf with 
increasing carbon is more rapid 
with hardened than with annealed 
steels, owing to the passage of 
carbon into solid soln in the 
quenched steels For the effect 
with alloy steels, vide the respec- 
tive alloys E Dubois found that 
the thermoelectric effect against 
copper becomes electronegative 
after the metal has been heated 
and subsequently cooled R Nubel 
gemzed iron E D Campbell and B 


E — 5 6c+12 2, and between 0° and 100° 
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281 — The Thermoelectric Force of Iron 
and Some Alloys 
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0 


studied the effect with iron and hydro 

A Soule examined the thermoelectric force 

of electrolytic iron against quenched carbon, silicon, nickel and manganese steels 
at 950° The effects of tempermg alloy steels at about 110° were greater than 
with the carbon steels E D Campbell and H W Mohr obtamed the results 
su mma rized m Eig 281, for the thermoelectric force in microvolts per degree, 
with alloys hardened by quenching at 950°, and then 
annealed at 800° W H Ross, and C W Heaps dis 
cussed the thermoelectric force of transversely and 
longitudinally magnetized iron 

W Bromewsky observed a critical pomt at 730° 
with a thermocouple of copper and electrolytic iron — 
dotted lme, Fig 281 This temp is probably a low 
reading for the 769° of W Schneider There was 
also a break at 950° E P Harrison’s results for the 
iron-copper couple, continuous lme, Fig 278, showed 
a break at 859°, which is near the A 3 arrest Obser- 
vations on the subject were made by F E Bash 
V Strouhal and C Barus gave the results shown m 
Fig 282 for the thermoelectric force of silver against hardened steel, and the same 
steel annealed at different temp P 6 Tart found that the thermoelectric force 
of iron against lead is 16 2 microvolts at 20°, and 14 74 at 50 



Fig 282 — The Effect of the 
Annealing Temperature on 
the Thermoelectric Force 
of Steel against Silver 
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power, dE I dd =17 15-0 04820, and the neutral point, is 356° Observations were 
also made b> A Matthiessen, and E Becquerel P G Tait also noticed that the 
thermoelectric force of iron alters suddenly m a remarkable way at a red-heat 
P Nicolau examined the thermoelectric force of iron against mercury G Borelius 
observed a number of critical points in the thermoelectric force of the couple of 
iron and tungsten — vide supra, the allotropes of iron 

H F Newall, and F T Trouton observed that the change which occurs when 
iron or steel passes through a red heat can be shown by the thermoelectric current 
generated when a short portion of wire is made red-hot by the flame of a lamp, 
if the flame is moved slowh the direction of the current depends on the direction 
in which the flame travels W F Barrett called the phenomenon thermoelectric 
hysteresis H le Chatelier, and 0 Boudouard attempted to appty the pheno 
menon to the study of allotropic changes , C Benedicks devised an apparatus 
for locall} heating a wire by a small electric furnace through which the wire travels 
with a uniform speed No discontinuity m the thermoelectric efiect corresponding 
with the A 2 -arrest was observed , but there is a marked discontinuity correspond- 
ing with the A 3 -arrest For magnetized and non magnetized wires, vide infra 
C R Darling and R H Rmaldi found with a couple of iron and an alloy of tin 
with 60 per cent of bismuth shows a re inversion, for with the cold junction at 0°, 
the emf is zero when the hot junction is at 0°, 100°, or 350° , during the first 
interval it is negative with a maximum of 0 5 mvolt, for the second interval, positive 
with i maximum at 0 13 mvolt , and it becomes increasingly negative above 
*50° 

Accoidmg to A Goetz, when a theimocouple of non is so arranged that one 
of the wires is heated tluough the transition temp , there is a big decrease in the 

thermoelectric power as iron passes from the a- to 

— r— r~ -r the /J-state, and a big mcrease as the iron passes 

from the y- to the S state Iron with the body- 

^ | centred lattice structure is positive with respect to 

§ T \ |“ iron with the face centred structure E Cohn, and 

£ J A Ewing found that there is much hysteresis of 

^ the thermoelectric properties of iron with respect to 

y | / T 7" stress The effect of a load on the thermoelectric 

| properties of iron, and the hysteresis are illustrated 

by Fig 283 The subject was also studied by 

-ts /yf W Thomson (Lord Kelvin), CAP Turner, 

H G Magnus, G W von Tunzelmann, and R Over- 

t i4~s}ih¥&~8f h"ki0 S W J Smith and co workers, and L J Neu- 

Load m kilograms man studied the thermoelectric force between an- 

Fig 283 —The Effect of Load nea ^ an d strain-hardened specimens of iron , 
on the Thermoelectric Pro O Tesche, between a and y-iron , H Broili, and 
perties of Iron J Kousmme, between magnetized and non-magne 

tized iron , and M Maclean found for a thermocouple 
of drawn and undrawn wires of annealed steel an emf of 0 1028 microvolt per 
degree difference of temp With iron wires one unstretched and the other 
stretched, the thermoelectric current passes from the unstretched to the stretched 
wne, and 

Total load 250 500 750 1000 1250 1500 1750 2000 grams 

remporary 

elongation - 0 021 0 03 0 0G 0 19 0 19 — 

Permanent 

elongation 0 02 0 027 0 08 0 23 3 41 

Microvolt pei 


250 

r 00 

750 

1000 

1250 

1500 

1750 

2000 grams 


- 

0 021 

0 03 

0 00 

0 19 

0 19 

— 




0 02 

0 027 

0 08 

0 23 

3 41 

0 000912 

0 00621b 

0 006216 

0 07192 

0 09485 0 09430 

0 08696 

0 07576 


For O L Kowalke s observations on the thermoelectric force of the cobalt- 
iron thermocouple, vide infra , cohalt , and for couples of iron with aluminium- 
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nickel, and copper nickel allots, vide infra, nickel allo}b A Snuts and 
J Spuyman studied the iron and tin thermocouple P W Bridgman found 
the thermoelectric effect, £ volts, of iron against lead at atm press to be 
£=(16 180—0 OO890 2 — 0 000086# 3 ) xlO- 6 volts for annealed mgot iron, 
£=(15 920— OO1O60 2 — OO(X)()560 3 )XlO-- 6 volts for hard-drawn mgot iron, and 
£=(16 560— OOO330 2 —OOOO1220 3 )xlO- 6 vo it s for annealed commercial iron 
The thermoelectric force at different temp and press , p kgrms per sq cm , of a 
junction of compressed and uncompressed metal was 




Annealed mgot iron 

A 

Hard drawn mgot iron 

a. 

Commercial iron 

A 

p 


2,000 
—0 08 

6,000 

12 000 

2 000 

6 000 

12 000 

2000 

6 000 

12,000 

/ 10 

—0 27 

-0 84 

-0 01 

-0 21 

-0 57 

-0 04 

-0 22 

-0 75 


20° 

-0 08 

-0 28 

-0 99 

+0 02 

-0 24 

-0 74 

-0 03 

-0 29 

-1 12 


30° 

[-0 03 

-0 10 

-0 81 

010 

-0 11 

-0 54 

+0 04 

-0 19 

-1 10 

e\ 

40° 

0 17 

+0 22 

-0 41 

0 23 

+0 21 

+0 01 

0 15 

+0 07 

-0 82 

60° 

0 56 

127 

+ 1 40 

0 62 

143 

2 20 

0 46 

0 93 

+0 44 

1 

80° 

121 

3 16 

4 89 

127 

3 40 

6 12 

102 

2 47 

3 19 


'100° 

1 67 

460 

7 68 

2 30 

6 69 

12 80 

2 34 

5 68 

9 56 


E Wagner found for a couple of simple iron wires, one element of which is at a 
press of a kgrm per sq cm higher than the other, 12 5xl0”” 12 volt per degree 
between 0° and 100°, and that the current flows through the hot joint from the 
metal at the lower press to that at the higher press The subject was studied by 
A E Caswell P W Bridgman found that the thermal e m f from annealed mgot 
iron when one piece is subjected to a tension T up to 500 kgrms per sq cm , i& 
£=(0 0120T— 0 0 5 235T 2 ) X 10“° volts at 52°, and £=(0 0223P— 0 0 2 42T2) X 10~<> 
volts at 95° The e inf is from the unstretched to the stretched wire at the hot 
junction H Tomlinson observed that the thermoelectric force is increased b> 
longitudinal traction, and also by a longitudinal magnetic force K Tburuta 
discussed the effects of longitudinal stiess on the thermoelectric properties of iron 
8 L Brown md L O Shuddemagen found for the thermoelectric force of iron 
against cupric oxide , and also against ferrom oxide , when the cold junction is 20°, 

and the hot junction „ 

CUO 

, * s / ■ * 

100 “ 322 497 642 90 265 517 693 

Emf 0 085 0 280 0 410 0 503 0 030 0 104 0 211 0 300 volt 


G Borelius and F Gunneson quenched wires from a series of gradually rising 
temp , and made the wires into couples with untreated wires, and plotted the 
results against temp The proportion of occluded gas modified the curves, but 
with gas-free metal, there were many breaks in the curves R Nubel studied the 
thermoelectric force of hydrogenized and ordinary iron, where the cunent flows 
from the uncharged to the charged metal F C Thompson and E Whitehead 
observed critical temp m the thermoelectric force of iron against platinum 
A Goetz observed that with iron of a high degree of purity there is a great decrease 
in the thermoelectric force as the metal passes from the y to the a-stete, and an 
increase on passing from the a- to the y state, so that the body centred la ce 
structure is thermoelectrically positive to the face centie E D Campbell and 
H. W Mohr investigated the thermoelectric potential of iron and 5* r . bon 
alloys W Ogawa studied the activation of galena bj iron salts for a raoioaetector , 
T Stransky, iron , and W Jackson, steel carborundum as a radiodetector 

G K Burgess and H Scott s results for the Peltier effect are sum- 
marized in Fig 277 A Campbell found the neutral point in the Peltier 
effect with cadmium and non is 144°, with zme and non, 196 7 and he 
also observed the Peltier effect with iron and nickel-silver The subject was 
discussed by E H Hall U P Lely studied the effect with non and copper 
The Peltier effect, f volts, with non against lead was found to bo 
P=(16 18— 0 01780- OOOO258d 2 )(0+273)xlO- fi volts for mnealed mgot non. 
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P=^(15 92—0 02126—0 OOOlt)8^ 2 )(04-273)xlO- 6 volts for hard drawn ingot iron, 
And P =^16 56—0 00660—0 OOO3660 2 ) (0+273) xlCH 5 volts for commercial iron 
And the Peltier effect, P, in joules per coulomb, at different temp and press 
p k grins per sq cm , for a junction of compressed and uncompressed annealed 


ingot iron, was 


f 2 000 

p ■ 6,000 

12,000 


0 

20 

40 

60 

80 

100 

-3 3 

+0 9 

+5 6 

+9 3 

+8 8 

+7 5 

-10 9 

+2 6 

+ 12 2 

+24 7 

+34 3 

+ 14 9 

-38 3 

+ 12 

+ 15 7 

-1-50 0 

+62 2 

+35 8 


According to P W Bridgman, the Thomson effect, a volts, with iron against 
lead was a=(— 00178— 0 OOO5160)(0+273) X 10” 6 volts per degree for annealed 
ingot iron, a=(~0 0212— 0 00033330) (0+273) xl0~ 6 volts per degree for hard- 
drawn ingot iron , and or=( — 0 0066—0 0007320) — (0-j-273) X 10~ 6 volts for annealed 
commercial iron The thermoelectric effect, oX 10~ 8 joules per coulomb per degree, 
between the compressed and uncompressed annealed ingot iron, was 


o 20 

( 2,000 +17 +23 

p 6000 +79 +66 

[12 000 +347 +106 


40 

60 

80 

100 

+25 

+5 

-10 6 

-5 6 

+37 

+79 

-11 

-121 

+63 

+ 180 

-56 

-194 


J Young observed that with annealed wires between 40° and 300°, the Thomson 
effect increases with the carbon content , it decreases regularly with a rise of temp 
up to 200°, when it becomes irregular, and then passes through a minimum value 
The curves for the thermoelectric force of iron or mckel against platmum show a 
break in the neighbourhood of the Curie point This corresponds with a more 
or less rapid change m the Thomson effect, or the “ specific heat of electricity ” 
This subject was studied by J Dorfman and co-workers , and the electronic 
theory of the phenomenon, by E C Stonier H E Smith found that the Thomson 
effect with iron is crx 10~-6=— 2 125 cals per coulomb per degree , it decreases with 
tension by becoming less negative until the elastic limit is reached, when the effect 
increases with tension and follows a definite cycle on removmg and restoring the 
strain The Thomson effect m iron and steels was studied by J Young, who found 
that the effect increases with the carbon-content and passes through a minimum 
value near 250° 


The so called Hall effect, discovered by E H Hall 5 m 1879, refers to the 
phenomenon which occurs when an electrical current passmg between two pomts 
m a thin metal plate is introduced into a magnetic field so that the plane is at right- 
angles to the magnetic field, whereupon the equipotential lines, located by the volt- 
meter, are distorted so that the electrical current no longer has the same potential as 
before The e m f , E, set up is given by E= —RHi/d, where # denotes the magnetic 
field , *, the current , and d cm the thickness of the plate — all other magnitudes 
are expressed in absolute units If R denotes the Hall coeff , A W Smith found 
that fix 106=10,300 for iron with #=17,000 gauss at 18° , E H Hall and 
L L Campbell, fix 106=7940 for #=5300 at 13° , E Unwm, fi=106=8700 at 
J® » ® Bx 106=10,800 for #=6290 at 18°, J Komgsberger and 

a Gottstem, fixl0«=10,000 at 18°, and H B Peacock gave fix 106=16,000 
at 18 for Mms of iron 270^/z thick W L Webster studied the Hall effect with 
single crystals of iron , and A Mazzan, the effect of very intense magnetic fields on 
the phenomenon The Hall effect was also measured by E Bossa, M Cantone 
and E Bossa, E M Pugh and T W Lippert, W Y Chang and W Band, 
L J Neuman, H B Peacock, J C Sternberg, and P I Wold, and H Atherthum 
obtained values between -253° and 18°, for values of # not stated , and W Prey, 

eS 68 ScT aQd 110 °° f ° r 5=4090 10 5500 ’ a cntica pomt between 


- 283 ° - 190 ° -79 18 

3140 1330 4090 11,230 


235 470 ° 620 920 

4610 13 200 21,800 1620 


1000 1100 
735 459 


JBX 10* 
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0 M Corbmo observed that when a uniform radial current flows thr ough a 
circular disc of metal, placed in a magnetic field normal to the plane of the disc, 
there is produced a circular current, the density of which is inversely pro- 
portional to the radius The phenomenon is called 
the Corbino effect If C denotes the circular 
current, I, the radical current, M , the mutual 
inductance between the current G and the coil 
placed near the disc , and m, the standard mutual ^ 
inductance, then MC=mI The value of m/27 re- ^ 
ferred to that of copper, unity, is 16 4, and the corre- >| 
spondmg value for the Hall effect, copper unity, is ^ 

219 in a field 27= 3700 Observations were made ^ 
by E P Adams and A K Chapman A K Chap- 
man found that for iron, with a low field, the value of 
m/27 is zero up to a field of about 27=760 (Fig 284), Fig 284— The Corbmo 
it then rises to a sharp maximum at 950° , falls to ffect Wlt on 

half the m aximum value for 21=500, and slowly mcreases up to 22=10,000 
Below 27=300, the Corbmo effect undergoes a reversal 

Ferromagnetic substances behave rather differently from diamagnetic and 
paramagnetic substances, for the transverse Hall effect m the latter cases are directly 
proportional to the magnetic field for all fields obtainable, whilst with ferromagnetic 
substances, direct proportionality holds only up to the region of maximum per- 
meability, as indicated by E M Pugh , and above that pomt, A W Smith found 
that the rate of increase of the Hall effect with the field decreases A Kundt, 
and the early workers thought that the effect with ferromagnetic substances was 
proportional to the intensity of magnetization, I, rather than to the mduction, B, 
the quantity always measured At low fields, B and I could not be distinguished, 
but at higher fields, near the saturation pomt, the Hall effect was shown to be more 
nearly proportional to the magnetic intensity, 7, than to either the magnetic 
induction, B, or the magnetic field, H EM Pugh found the Hall effect with steel 
to be a single-valued, linear function of the intensity of magnetization, I, but 
neither a single-valued nor a straight-hne function of either the magnetic mduction, 
B, or the magnetic field, H This applies to both the virgin curves and the broad 
hysteresis loops A W Smith and R W Sears found that the Hall e m f , e, for 
ferromagnetic substances can be written €=22 0 H+R 1 7, where B 0 is a constant 
nearly independent of the material, and 22 x is a constant which may have any value, 
positive or negative, depending on the material examined 

The so called Ettin^sdmusen-Nernst effect, discovered by A von Ettmgshausen 
and W Nerast in 1886, refers to the phenomenon which occurs when a current of 
heat is flowing in the thin metal plate, and the plate is introduced into a magnetic 
field so that the plate is at right angles to the field, whereupon difference of potential 
is developed under conditions where, without the magnetic field, no difference 
occurred The e m f , 2?, set up is E—QbH(dT/dl), where b cm denotes the width 
of the plate , 27, the magnetic field , and dTjdl the temp gradient in the plate, 
of length, l cm , in degrees of temp per cm — all other magnitudes m absolute 
units Let Q denote the Ettmgshausen-N erast coeff F Unwin found that 
Qxl0 6 =520 for iron at 18°, H Zahn, Qxl0«=1050 for 5=6290 gauss at 18°, 
and Qxl0 6 =— 1660 at 55°, E H Hall and L L Campbell, Qxl0®=+860 
for 27=5550 at 31°, and at 60°, QxlO«=-980, and A W Smith gave 
Qx 10«=— 810 for 27=17,000 to 18,000 at 60° P W Bndgman discussed 
the relationship between the four phenomena 

The so-called Ettmgshausen effect, discovered by A von Ettmgshausen m 1886, 
refers to the phenomenon which occurs when an electric current is passmg between 
two points m a frhin metal plate which is then placed in a transverse magnetic 
field, whereupon a diff erence of temp is developed between the upper and lower 
faces where no difference exists m the absence of the magnetic field Let dT denote 
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the difference of temp between two points , H, the magnetic field , Z, the length 
of the plate , and d, the thickness of the plate m cm , then, expressing magnitudes 
in absolute units, dT=P#/<Z If P denotes the Ettmgshausen coeff , E H Hall 
and L L Campbell found that PxlO d =~49 3 when #=5300 at 13°, and 
—612 at 84:° F Unwin observed Pxl0 9 =— 43 0 at 18°, H Zahn, 
Pxl0 9 =— 57 for #=6290 at 18°, and -67 at 20° 

The so-called Leduc effect, discovered by A Leduc m 1886, refers to a 
phenomenon which occurs when heat is flowing between two points m a thin metal 
plate placed in a transverse magnetic field, whereupon a variation m the thermal con- 
ductivity occurs which does not take place when the plate is not m a magnetic field 
If rfT denotes the difference of temp between two points , #, the magnetic field , 
b cm , the breadth of the plate , and dTjdx the temp gradient m degrees per cm — 
and expressing magnitudes m absolute units, dT=SHb(dTjdx) Let S denote the 
Leduc coeff F Unwm found that S X 10 9 =520 at 18° , H Zahn, $Xl0 9 =390 
for iTon with #=6290 gauss at 18°, and 687 for steel at 55° , for iron, E H Hall 
and L L Campbell gave >Sxl0 9 =560 for #=5000 at 51° , 429 for #=6500 at 
44° , 608 for #=7300 at 48°, and 632 for #=17,000 to 18,000 at 60° , and 
A W Smith, S X 10 9 =392 for #=11,900 at 56 9° S T’ao and W Band studied 
the emf produced when a magnetic field is applied parallel to a temp gradient 

According to F Robin, 6 the spark from an electrostatic machine or induction 
coil produces on the polished surface of steel tiny craters which are formed by the 
flow of the metal under shock These holes are visible under the microscope, but 
to the naked eye, the metal preserves its polished surface Around this zone there 
is formed a yellowish aureole — possibly two — formed of oxide , it is clearly marked 
in carbon steels with a low percentage of carbon, strongly marked m cast iron, 
and feebl} marked in dead soft steels It is hardly visible with pure iron, chromium 
steel, and chromium-tungsten steel 

H Schmick and R Seeliger 7 studied the mechanism of the arc discharge with 
an iron cathode and found the loss of material is definitely not proportional to the 
current, and it varies primarily as the degree of cooling of the cathode The loss 
is not confined to the local point, but is distributed over the whole neighbouring 
area A Gunther Schulze found the normal cathode potential fall of iron, V volts, 
to be, in 

Argon Neon Nitrogen Oxygen Air 

V 168 153 215 352 337 volts 

The subject was studied by K Rottgardt, A Schaufelberger, R Seeliger and 
M Reger, G Gehlhoff, G Gehlhoff and K Rottgardt, E Warburg, H E Ives, 
E Blechschmidt, V L Chnsler, W G Duffield and co-workers, W Ramberg, 
W Neuswanger, W L Cheney, E Lau and 0 Reichenheim, G E Doan, 
H Schuler, R Defregger, W Heuse, F H Newman, E H Owen and P Wright, 
H Dziewulsky , and C A Skinner M Haitmger measured the intensity of the 
ultra-violet ra)s from the iron arc-light, and found it to be greater than m the 
case of all the other metals which were tried The cathodic spluttering of iron was 
discussed by W Crookes H Nagaoka and T Futagami obtained emematographi< 
photographs of electrically exploding iron wires R Seeliger and H Wulfhekel 
studied the loss of material from the cathode of the non arc , and H P Waran, 
K Meyer and A Gunther-Schulze, and T Baum, the cathodic spluttering ot 
iron in the discharge tube I Klemencic studied the behaviour of iron towards 
electrical oscillations vtde %nfra for the influence of oscillations on magnetized 
b^t 3 1 ^ ® lc * iar ^ s 8 that the dielectric constant of steel is not infinity, 
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§ 22 Magnetic Properties of Iron and Iron-Carbon Alloys 


The laws of magnetism were worked out largely by experiments on the magnetic 
properties of iron and steel, but it is comparatively rare, in past years, to find full 
information available as to the nature of the specimens employed The experi- 
ments, however, served their purposes m developmg certain principles, and descrip- 
tions will be found m the works of J A Ewing , 1 T F Wall, F Auerbach, E Sc hmi dt, 
W von Westphal, and many others Indeed, all textbooks on magnetism are 
mainly concerned with this element, smce iron is long of the magnetic metals 
Metals strongly attracted by a magnet are said to be ferromagnetic — e g , iron, steel, 
nickel, cobalt, and some alloys Substances which are feebly attracted by a 
magnet, and which when placed m a magnetic field have a tendency to set themselves 
with their axes parallel to the lines of force, or have a tendency to pass from the 
weakest to the strongest part of the field, were said by M Faraday to be para- 
magnetic e g oxygen, and platinum Ferromagnetism is a special case of para- 
magnetism Substances which are feebly repelled by a magnet, and, when placed 
in a magnetic field, have a tendency to set themselves with their axes at nght- 
angles to the lines of force, or to pass from the strongest to the weakest part of the 
field, are said to be diamagnetic — e g bismuth is more diamagnetic than any other 
More substances are known which exhibit diamagnetism than para- 
magnetism According to T Camelley, on examining M Faraday’s list of 
paramagnetic and diamagnetic substances 


ft* invariably holds good without a single exception in the case of the 

tKfe ca Pj? e a Ppbed Those elements belonging to the even series of 

pMamagnftic, whereas those elements belonging to odd 
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And H E J G du Bois added that, notwithstanding gaps, uncertainties, and 
exceptions, in the periodic classification of the elements 

We can detect in the magnetic, as m all the other physical and ch emi cal properties, a 
periodic variation The senes of paramagnetic elements which, on the whole, are also very 
refractory are found on the descending branches, or in the minima of the atomic volume 
curve for the solid elements, whilst the more easily fusible, diamagnetic elements occupy 
the ascending portions and the maxima of the curve 

The paramagnetic and diamagnetic states of many alloys depend on the strength 
of the applied magnetic field, and K Overbach applied the term metamagnetic 
alloys to such alloys For instance, a copper-zinc alloy is paramagnetic m weak 
fields, but the susceptibility rises to a maximum as the strength of the field increases, 
and the alloy then becomes diamagnetic Brass becomes metamagnetic if a few 
thousandths of iron be present, whilst zinc with up to 4 7 per cent of iron is mde 
pendent of the field 

The effect of one magnet on another is greater, the greater the distance between 
the poles of the magnet, so that both the strength, m, of the poles of a magnet, 
and the distance between the poles are required m order to determine the effect of 
one magnet on another The product of the pole strength, and the distance 
between the poles is called the moment o! the magnet, M The force of a magnet 
on a distant magnetic needle is doubled by doubling the distance between its poles , 
and a magnet with poles half as strong as another magnet, would have the same 
magnetic moment, provided the poles of the weaker magnet were twice as far apart 
as the poles of the stronger magnet The poles of the longer magnet would have 
only half the volume of steel as those of the second, so that if the moment of each 
magnet be defined by its volume, v, the quotient, I=Mv, is called the intensity of 
magnetization, and indicates the magnitude of the moment per unit volume, or the 
pole strength per unit area If the moment be divided by the mass of the magnet, 
the quotient is called the specific intensity of magnetization, and indicates the 
magnitude of the moment per unit of mass 

When a substance placed m a magnetic field becomes magnetized, there is % 
relation between tbe magnetism it acquires and the magnetic force which acts upon 
it The force of a magnetic field is represented by H, so that the field is said to be 
of strength H gauss The lines of force between the unlike poles%of two bar magnets 
are conducted better by some substances than others The Imes of force between 
the two magnets in air, are represented diagrammatically by Fig 285, and when 
a piece of iron is placed m the gap, by Fig 286 The crowding of the lines into the 



Fros 285 and 286 — Linear Force between two Unlike Magnetic Poles m Air, and 
with a piece of Iron m the Gap 

iron make it appear as if the lines of force find it easier to go through iron 
than through air , the iron appears to be a better conductor for the lines of force 
than is the case with air This is expressed by saying that the magnetic per- 
meability of iron is greater than is that of air , or, conversely, the magnetic reluctivity 
of air is greater than that of iron The permeability of a medium is hence defined 
as its conducting power for lmes of magnetic force when compared with that of air 
If H denotes the number of unit lmes of force per sq cm , in the magnetic field, H 
measures the strength of the magnetic force , and if B denotes the number of lines 
of induction per sq cm in the material when placed in the field, B measures the 
magnetic induction or flux density of the material The magnetic permeability 
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ot the substance is measured by the ratio of B to H, and this ratio is symbolized by 
fi Thus, the magnetic permeability — 

Instead of representing the magnetizability of a substance m terms of the 
permeability, it can be expressed as a relation between the intensity of magnetiza 
tion, 7, and the strength of the magnetic force, E The ratio of these two magnitudes 
is called the magnetic susceptibility, so that x=J/# The magnetic induction, 
B, or the total number of lines of force per sq cm m a specimen, is equal to the sum 
of two lots — H lines due to the magnetic field, and iirl lines per sq cm due to the 
effect of the field upon the specimen, or R=JT +4 7 Since 7—#®* and B—fiH, it 
follows that x=(/*—l)7% If the permeability /x=l, as is the case with air, the 
magnetic susceptibility x=0 In paramagnetic substances, where /x is greater 
than umt\, the susceptibility is positive , and m diamagnetic substances, where 
the permeability \i is less than unity, the susceptibility is negative Hence, when 
a paramagnetic substance acquires a magnetization 7, which is m the same direction 
as the force, B is greater than H , and conversely for diamagnetic substances, B 
is less than H The value irrl is taken to represent the saturation value of the 
magnetism with the magnetic force, H 

When soft iron is magnetized, it loses its magnetization much more readily than 
hard steel The power of retammg magnetization when the inducing influence is 
withdrawn is called the retentmty, or remanence, and the magnetism retained is 
called the permanent or residual magnetism Soft iron may retain more residual 
magnetism than steel, but it is unstable and more readily lost than is the case with 
steel M iterial which retains a good portion of its magnetization, despite disturbing 
influences, is said to have a large coercmty 

If a long, thw, immagnetized iron rod be placed in the solenoid through which 
i current of an> desired strength can be passed, and if the < urrent be gradually 
increased while the values of the magnetizing force, 77, then, the induction or flux 
density , B, uid the intensity of magnetization, I, may be determined at different 
stages of the operation, so as to show the relation between the magnetism acquired 
by the iron rod, and the magnetic force actmg upon it , the relations of the 
magnitudes can he represented by the permeability, /x, or BE- curve, since fjL=B/E , 
or by the susceptibility, x , or 7#-curve, since x=7/# The values for B and E 
for some samples of iron and steel are shown in Eig 287 With a magnetizing 



force ga Ti "JP 6 ® 1 ? 4 softi ttoa kas 5=8000, cast iron, 3000, hardened 

non, 1000, and hardened steel, about 400 When 5=10, the value for soft 
non is becoming horizontal , hut with hardened iron and annealed steel, until 5 
i? , ^ when 5=50, the value of B for hardened steel is still rising, hut 

Iflf ^ are A F? L ctl f 1] y ^^ed The curves show, m general, three 

stages of progress At the beginning, when 5 is small, changes in the value of 
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H produce only small changes m the value of B, where the permeability is small , 
m the next stage, where the curve rises rapidly, small changes m the value of H 
produce large changes m the value of B The permeability thus rapidly mcreases 
to a maximum In the third stage, the metal is saturated, and the curve is 
nearly horizontal, showing that changes m the value of H have \er} little influence 
on the value of B 

The measurements of E Gerold on the effect of chemical composition on the 
magnetic induction are summarized m Fig 289 The continuous cun es are for 
cubon, the dotted curves are for 
silicon The effect of additions of 
1 per cent of aluminium, silicon, 
copper, molybdenum, manganese, and 
chromium are indicated m Fig 289 

J Coulson found that the magnetic 
moment of iron decreases on hydro 
gemzation, attaining, m time, a value 
of 5 to 27 per cent less than the 
original value L W McKeehan 
found that the magnetic permeability 
of single crystals of iron, prepared by high temp treatment m hydrogen, are 
greater than that of crystals obtained bv D Foster, W Gerhuh, R Ohevallier, 
and K Honda and S Kaya by other methods Observations showed that the 
high permeabilities were not due to the large size of the ci\ stals, but rather to the 
treatment with hydrogen at a high temp A comparison of the magnetization 
turves, Fig 290, and the hysteresis loops, Fig 291, of ordm irj dime iled iron, and 



Fig 289 — The Effect of Diffeient Elements 
on the Magnetic Induction of Iron 
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Iig 290 — Magnetization Curves of Fig 291 —Hysteresis Loops of Hydro 

Hydrogenized, and Ordinary An genized, and Ordinary Annealed Iron 

nealed Iron 


of hydrogenized iron, due to P P Cioj05, shows that permeabilities of 130,000 
can be obtamed when the coercive force is 0 05 gauss, and the hysteresis loss — 
vide infra — for maximum mduction 14,000 is 300 ergs per cc per cycle 
W E Ruder, E Gumlich, and F P Wilson reported that the magnetic properties 
of iron are improved by heating the metal in hydrogen, although E Gumlich, 
T D Yensen, and F S Tritton and D Hanson did not get such good results by 
heating the metal m vacuo, m nitrogen, or slightly oxidized atmospheres 
J Wurschmidt, L W McKeehan and co workers, and T W and W T Richards 
studied the subject N A Ziegler obtamed high permeabilities with specimens 
containing several large crystals, and he considered that the results could be 
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obtained only with single crystals , A Hayes reported higher permeabilities by 
melting iron in a low press carburizing atm , and made no mention of the 
gram-size of the crystals P P Cioffi considered that the high permeabilities 
obtained with hydrogenized iron are due to absorbed hydrogen, smce if the high 
permeability iron be re-heated to a high temp m a vacuum of 10~ 8 mm , it assumes 
the permeability of ordinary iron subjected to the vacuum treatment The drop 
m permeability is attributed to the loss of absorbed hydrogen R Forrer and 
J Schneider studied the effect of annealing iron in hydrogen , and H Gnes and 
H Esser, the effects of occluded hydrogen, oxygen, and nitrogen 

W Koster found that the effect of the precipitation of nitrogen at 100° on the 
coercive force diminis hes linearly as the degree of cold working is reduced, so that 
the coercive force of annealed steel increases as the cold-working is increased, 
on tempermg at 100°, after a 5 per cent reduction by cold-working, the coercive 
force attains a maxim um and then falls off with further cold working When the 
nitrogen is again brought into soln , by tempermg at 300°, the effect of cold working 
on the coercive force is agam restored, showing that the coercive force is compounded 
additively of an amount conditioned by the degree of cold-working, and an amount 
conditioned by the distribution of the structural constituents The changes m 
the magnetic behaviour of cold-worked steel at temp between 100° and 300° are 
to be attributed to the precipitation or soln of nitrogen, and to no other cause 
The effect of heat-treatment on the magnetic properties of an eutectoid steel 
was examined b} E Maurer, C W Burrows and F R Fahy, and C Nusbaum 

and co-workers There is a rapid 
rise of the maximum and residual 
induction, and a more pronounced 
decrease m the coercive force with 
Ihc cold-work which attends tin 
drawing at temp of 150 J and 
250' The results for the indue 
tion, and the reluctivity of an 
eutectoid carbon steel, quenched 
m water from 800°, by C Nus 
baum and co-workers are indicated 
by the curves, Fig 292, represent- 
ing three stages m the magnetiza 
tion In stage I, the magnetiza- 
tion curve showing the relation 
between the induction and magnetization force is nearly linear, and the molecular 
magnets have been displaced only slightly from their position of stable equilibrium , 
m stage TI, the molecular magnets pass from a state of stability through an 
unstable state mto a new position of stability— the curve in this region is very 
steep with magnetically soft substances, and more gradual with magnetically 
hard substances , whilst in stage III, the alignment of the molecular magnets 
approaches more and more to the direction of the magnetizing force as it increases 
m magnitude The slope of the curve also decreases The reluctivity curve also 
shows the three stages very well , but with magnetically soft substances, the first 
two stages almost vanish, and with magnetically hard substances, they become 
more pronounced 0 P Steinmetz suggested that both of these are stages of 
mstabdit), and that, if the specimen whose magnetic properties are being deter- 
mined is simultaneously subjected to "vibration or to an alternating magnetic field 
applied at right angles to the umdirectional field, H i these two characteristic stages 
practically vanish , further, that it is probable that the stable relation between 
the field intensity, H, and the flux density, B, is expressed over the entire range 
from zero to infinity by the above linear relationship 

C Nusbaum and co-workers examined the effect of drawing at different temp 
an eutectoid steel quenched from 800° B 0 Peirce showed that for electrolytic 
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iron and forms of iron approaching m degree of purity, the relation between 
the reciprocal of the susceptibility, and magnetizing force is lmear — in one case, 
X"“ 1= =0 0108+0 000575# The regions I, II, and III are well-defined in the curves, 
for eutectoid steel, but there is a slight deviation from the linear relation, as shown 
by the dotted lines The temp of drawing is indicated m the diagrams According 
to 0 Tammann, the intensity of magnetization of a solid soln is less than that of 
the more magnetic of the two constituents and also less than would be calculated 
from a knowledge of the proportion of the constituents K Honda also showed 
that cementite is nearly one-tenth as magnetic as iron, and it becomes non-magnetic 
at 215° As a quenched high carbon steel is repeatedly drawn to increasingly 
high temp , the magnitude of the magnetic transformation of cementite mcreases 
and reaches its maximum m the neighbourhood of 300° C Nusbaum and 
co workers take these facts to indicate that m the interval of temp between 150° 
and 250°, the cementite is thrown out of solid soln , and thus that in martensite 
the cementite is in solid soln It also indicates the completion of a previously 
suppressed transformation, which completion may be considered as the beginning 
of the metallographic constituent troostite 

In region I, the break m the reluctivity curve m the entire region is taken to 
show that two magnetically different constituents are present The non-homo 
geneity may be due to one of two causes or both, viz (1) the presence of another 
constituent, (2) the stresses set up m the material during the quenching operation 
The effects of tension were discussed by E Yillari, and K Honda and S Shimizu — 
vide infra — and of compression by C M Smith and G W Sherman The stresses 
undoubtedly play an important part, but are not necessarily the predominating 
f ictor 

In legion 1J, the material behaves like a homogeneous substance K Hondi 
has shown that m this region the caibon is m the form of cementite There arc 
thus present two magnetically different materials This is taken to mean that the 
cementite is evidently distributed very uniformly in very finely divided particles 
(ultra micioscopic m size) throughout the entire mass of the ferrite, and there are 
no separate cementite and ferrite crystals This colloidal soln is generally con 
sidered to be troostite — vide supra In region HI, the colloidal soln of cementite 
here begins to flocculate, forming aggregates of continually mcreasmg size, which 
finally attam such dimensions as to produce a magnetically non-uniform or inhomo- 
geneous material, as is indicated by a more or less marked break m the reluctivity 
line The lme of demarcation between regions II and HI then marks the transition 
between the regions of magnetic homogeneity and non-homogeneity Since this 
transition is so sharply defined, it may be chosen as the begi nni n g of the metallo- 
graphic constituent sorbite 

0 Nusbaum and W L Chene} examined the influence on the magnetic and 
other properties of an eutectoid carbon steel of different rates of cooling from 800° 
Some of the results are summarized m Table XLI The induction mcreases as the 
rate of coolmg is varied from air cooling to slow furnace cooling Microscopic 
observations of the different specimens show that the air cooled material consists 
largely of sorbite with intervening patches of coarse pearlite containing free femte , 
with slower lime-coolmg most of the sorbite passes into lamellar pearlite, whilst 
patches of coarse pearlite, and free ferrite are still present , m the specimens cooled 
more slowly m the furnace, there are patches of lamellar pearlite which decrease 
m size as the rate of coolmg is diminished The matrix of each consists largely of 
divorced pearlite — cementite particles m a matrix of ferrite The gram size of 
the cementite particles mcreases as the rate of coolmg decreases C Nusbaum 
and W L Cheney conclude 

With decrease in the cooling rate there is a marked increase-in the value of the m a ximu m 
induction for a given value of the magnetizing force, an increase m the magnitude of the 
maximum permeabilitv, and a decrease in the magnitude of the coercive force As the 
structure is changed fiom an essentially sorbitic one, through lamellar pearlite to divorced 



250 


INORGANIC AND THEORETICAL CHEMISTRY 


pearlite, there is a gradual shifting of the break in the reluctivity line toward the origin 
Also the difference between the magnitudes of the real and apparent values of the maximum 
intensity of magnetization is greatest when the structure is that of lamellar pearlite There 
is a marked agreement between the values of the coercive force and the scleroscopic hard 
ness as influenced by the various cooling rates except when the specimen is held at a temp 
of 650° for a definite time 

Table XLI — Tee Effect of Rates of Cooling on the Properties of 
Eutectoid Carbon Steel 
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meability decreases regularly with increasing carbon-content for annealed steels, 
but this relation does not hold good for the same samples after tempering 
E A Watson considered that m a correctly hardened steel for magnets, the non- 
magnetic y iron should be completely transformed so that austenite is not present, 
nor should there be any segregation of the carbide and ferrite so that the change 
associated with Ar s -arrest should be suppressed The desirable constituent is the 
first transformation product from they state A A Dee could detect no difference 
in the magnetic properties of steels quenched from 300°, although, according to 
F C Thompson and E Whitehead, the carbide change can be suppressed by 
suitably cooling from this temp — wde suprti According to 6 A EUinger, the 
first application of heat m the tempering of quenched, 0 75 per cent carbon steel 
is attended by an increase in magnetization which is believed to represent stress 
release, caused by the precipitation of carbon from the supersaturated solid soln 
of carbon m a-iron The degree of tempering depends upon temp and time, the 
first stage being completed at 200 ° in about 6 | hours The precipitated carbon 
combmes with iron m the range between 200 ° and 300° to form iron carbide This 
combmation is progressive with time, being completed at 300° m about 1 hr 
From 300° to 700° no further magnetic changes occur upon holding the specimen 
at constant temp , consequently no further constitutional changes take place m 
this range, but the carbide coagulates to form larger and larger particles An 
increase m the magnetization at about 235° indicates the decomposition of austenite, 
the decomposition bemg completed m about 45 nuns at that temp 

W Koster observed that the coercive force of plam carbon steels increases 
linearly with the carbon content irrespective of whether the cementite is globular 
or lamellar, hut the rate of mcrease is smaller with the globular cementite The 
coercive force of a steel with banded pearhte is two to three tunes as great as that 
of a similar steel m which the cementite is globular 3 R Adams and F E Goeckler 
studied the influence of the history of the metal on the coercive force and residual 
reduction , and E Maurer and F Stablem measured the coercive force of cementite 
A W Smith and co-workers found that increasing the percentage of carbon m 
steels decreases the magnetic permeability by mcreasmg the amount of carbides m 
soln , and owing to the asymmetry m the atomic structure making the alignment 
of the molecular magnets difficult With annealed bars, the carbides separate 
from the solid soln , and the effect of carbon is much less The maximum reluctivity 
is a linear function of the carbon-content of hardened steel up to 0 8 per cent of 
carbon, for annealed chromium steel it is a maximum with about 0 5 per cent of 
carbon, and a minimum with about 0 8 per cent According to R L Dowdell, 
steels for magnets should be treated so that they have the greatest hardness possible 
without acquiring an undue tendency to cracking T D Yensen and N A Ziegler 
observed that the elements, boron, carbon, zinc, nitrogen, oxygen, sulphur, cobalt, 
copper, manganese, and nickel, winch lower the A 3 -pomt and raise the A 4 point, 
have a bad effect on the magnetic properties of iron , those which raise the A s -pomt 
and lower the A 4 point — e g aluminium, arsenic, silicon, tm, and vanadium, but 
not phosphorus and titanium. — have a good effect on the magnetic properties , 
whilst the insoluble elements have very little effect on the magnetic properties 
As shown by W Schmidt, and others, steel responds to weak magnetizing 
forces more quickly than iron, and the susceptibility of soft steel for small 
magnetizing forces is greater than that of iron For fields below 0 06 c g s unit, 
the susceptibility of soft steel to that of iron is as 4 3 , for fields of about 1 0 c g s 
unit, the susceptibilities are about the same , and for fields of greater strength, the 
susceptibility of iron exceeds that of steel T D Yensen s values for vacuum- 
fused electrolytic iron, and armco iron are summarized in Fig 288 The results 
show that whilst the induction curve for armco iron gives an initial bend 
characteristic of iron m general, the bend becomes 'very much less pronounced 
with iron of a high degree of purity, and T D Yensen said that it is not incon- 
ceivable that it may disappear for the perfect iron crystal 
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The permeability of iron at the beginning of magnetization is very small 
0 Gutton and J Mihul found the permeability of soft iron is constant for 
small field strengths up to #=1 gauss, and it then increases with the field 
strength C Baur, and J A Ewing found that for values up to #=0 384, the 
magnetic susceptibility can be represented by ^=14 5+110# , the permeability 
by ja=183+1382#, the intensity of magnetization by 7=14 5#+110# 2 , and 
the magnetic induction by B=183#+1382# 2 Lord Rayleigh found that the 
proportionality holds good when the magnetic field is excessively reduced, and 
that the formula! y=6 4+5 1#, and £g= 81+64# hold good for values of # ranging 
up to 1 2 c g & units The viscosity or time-lag which occurs m the effect is most 
noticeable when the magnetizing force, #, is feeble 

C Fromme observed that with moderately strong magnetizing forces the curves 
for the permeability and induction, and for the susceptibility and intensity of 
magnetization have points of inflexion , and this phenomenon was also observed 
by J Haubner, W R Crane, L W Wild, A Perrier, J A Ewing, R H M Bosan- 
quet, and S Bidwell J A Ewing and W Low showed that with very strong 
fields, the mduction, #, has no apparent limit, whilst there is a finite or saturation 
value for the intensity of magnetization, I Thus, with Swedish wrought iron, 
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The intensity of magnetization reaches a saturation value beyond which no sensible 
increase occurs even though the strength of the field be doubled , but there is no 
sign of any limit to the value of B K K Darrow gave 1706 gauss as the saturation 
capacity of iron at 20°, and 1742 gauss at —253° He also gave 19,000 as the 
permeability of electrolytic iron P Weiss’ value for the saturation capacity agrees 
with that given by K K Darrow E Dussler and W Gerlach found that the 
saturation capacity of iron falls off with a rising temp In a smgle crystal, in the 
tetragonal direction, at 20°, saturation was reached at about 150 gauss , at 629 Q , 
at 4 5 gauss , at 680°, at 3 5 gauss , and at 738°, at 2 5 gauss H E J G du Bois 
also observed that iron at 0° m moderately strong fields, shows the following 
relations between the magnetizing force, #, and the intensity of magnetization, 7 
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Ob^vations were made by H Esser J R Ashworth discussed the relationship 
wtween the strength of the alternating current and the mtensity of magnetization , 
IS H Williams, and J A Ewing and W Low, the effect of transverse joints on 
tne magnetism of iron bars, and R L Edwards observed that the magnetic 
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properties of iron films buffer <m abrupt change when the thickness exceeds about 
50/flft, and an abru^jt decrease in the coercn e force The subject was studied bi 
W Kobter, C 1 Mauram, A J Sorensen, and J H Howe> H E Malmstrom 
observed no ageing effect R L Sanford end co-workers found that as the 

lABLL XLIl \[ VGNLTI7 \1T0N CONSTANTS OJB IRON 
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Table XLIII — Magnetization Constants of Steels 
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diameter of steel we decreases by wear, the magnetic permeability mcreases for 
low values of H, and mcreases for high ones H G Byere and A F Morgan 
found that the magnetization of passive steel is more difficult than that of ordinary 
steel H Pender and B L Jones, and A G Hill studied the effect which a 
variable magnetic field during annealing has on the magnetic properties, and 
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K HomU and Y Sliumzu, tud G Tammann md to-workert,, the effect of 

COl< Aselection from the data of E Gumlicb and co workers is given in Tables XLII 
and Tn.TTT Here H denotes the strength of the magnetic field , B, the induction , 
n the permeability, R, the reluctivity, H t> the coercive force, tj, the factor m 
C P Steinmetz s equation „ and I&, the saturation value Observations were also 
made by S Curie, T Matsushita, E M Pugh, L Holborn, S Guggenheim, and 
R A Hadfield and B Hopkinson P Weiss gave for the saturation value of purified 
iron, 1^=1706, and 4^7^=21440 , B 0 Pence, I w ==1733, and 4^=21780, 
A Campbell, / w =1717, and 4 tt 2 O5 =21580 , and E Gumhch, 1^=17205, and 
4 „i =21620 For iron alloys with p per cent of carbon, E Gumlich gave i-nl^ 
=21620— 1580p, when p is less than 1 per cent , and the alloy is slowly cooled, 
while for higher values of p, he gave 4^=20100-930 (p-1) , for alloys quenched 
from 850°, when p is less than 1 2 per cent , 4wl«=21620-3200p , and when 
quenched from 1100°, when p is less than 1 1 per cent , 457750=21620-20602) 
P Weiss and R Forrer calculated by extrapolation that the saturation intensity 
of a gram of iron is 12,393 C F Burgess and A H Taylor studied the permeability 
of purified electrolytic iron, and H Sachse, of iron dispersed m alumina, silica, or 
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strontium sulphate N A Ziegler found that the magnetic permeability of um- 
crjstallme iron is man} times as great as that of polycrystallme iron C Nusbauir 
and co workers observed a marked increase in the maximum induction of steels as 
the rate of cooling decreased , the maximum permeability also increased , but the 
coercive force diminished 

Gerlach, and K Honda and S K xya observed that the characteristic features 
of the magnetization curve of an iron rod of smgle crystals of iron are ( 1 ) The 
curve is almost straight up to an intensity of magnetization of 1000 c g s units , 
(u) then the curve shows two sharp breaks or bendings, (in) the saturation 
of magnetization is much more easily attained than m the case of polycrystals, its 
\alue being 1707 (20° C ) (this saturation value almost coincides with the value 
1706 (19° C ) determined m a very strong field produced by an electromagnet) , 
&nd (iv) the residual magnetism of smgle crystals is very small The hysteresis- 
loss of the rods of single crystals and of those consisting of a gradual increasing 
number of polycrystals of iron were also measured The results of K Honda, 
H Masumoto and S Kaya are summarized m Figs 294 to 297 K Honda and 
8 Kava studied the magnetization curves of single crystals and found that m the 
the curves in the direction of the tetragonal, trigonal, and digonal 
are almost straight up to intensities of magnetization of 1,400, 900, and 1,000 
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The curves then show sharp breaks or bendings twice, sometimes one more 
break is observable, but is not so conspicuous as the other two The satura- 
tion of magnetization is much more easily attamed with single crystals than with 
polycr} stals, and its value amounts to 1717 The saturation m the direction of 
the tetragonal axis is reached at 70 gauss, and in the digonal and trigonal axes at 
650 and 450 gauss, respectively In the (100) plane, the direction of the tetragonal 
axis is more easily magnetizable than that of the digonal In the (llO)-plane, the 
directions of the tetragonal, digonal, and trigonal axes are m a decreasing order 
of magnetizability In the (111) plane, the space-lattice consists of a series of 
equilateral triangles Below a field of 300 gauss, the direction of the sides of the 
triangle (the 6-axis) is more magnetizable than the bisector of the triangles (the 
a axis) , but above that field, the contrary is the case The characteristic features 
of the curves for magnetization m different directions are as follows In the (100)- 
plane, both parallel and perpendicular components of magnetization vary with a 
period of 90° For the parallel component, the direction of the tetragonal a*™ 
has the maximum magnetization, and that of the digonal, the minimum magnetiza 
tion, but for the perpendicular component, the magnetization vanishes m the 
direction both of the tetragonal and digonal axes and attains a maximum or 
minimum between them Below a field of 3 and above 500 gauss, the parallel 



component of magnetization m the (100) plane is almost mdependent of the direction 
of the field As the field increases beyond 3 gauss, the amplitude of the periodic 
change becomes greater, attains a maximum and afterwards gradually decreases In 
the (100) plane, these two components of magnetization vary with a period of 180° 
For the parallel component, the prmcipal and secondary maxima takes place 
respectively in the directions of the tetragonal and digonal axes, and the minimum 
m the directions of 55° and 125° from the tetragonal axis For the perpendicular 
component, the magnetization vanishes m the directions of the tetragonal, trigonal, 
and digonal axes, and attains a maximum or a mi n i mum between them The 
amplitude of this periodic change varies m a similar way to the case of the(100)-plane 
In the (111) plane, the two components of magnetization vary with a period of 60° 
In weak fields, the parallel component of magnetization m the direction of the sides 
of the equilateral triangles formmg the space-lattice is a maximum and that m the 
direction of the bisectors of the vertical angle of the triangle is a minimum , but 
m a stronger field above 300, the opposite is the case The perpendicular component 
of magnetization vanishes m these two directions and attains a maximum and a 
minimum between them The magnetization of strips of iron depends on the 
orientation of the crystals with respect to the applied magnetic field W E Ruder 
observed that the permeability of crystals having their cube edges perpendicular 
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ami parallel to the direction of tlic applied flux is 10 to 25 times that which obtains 
when the crystals ha\ e their cube edges at an angle The lowest magnetic permea 
bihtv occurs when all the edges are 45° with the direction of the flux The subject 
was also investigated b} W L Webster, F C Powell, N Akuloff, W Gerlach, 
K Beck, H Ones and H Esser, G J Sizoo, and N A Ziegler W Gerlach found 
that remanent magnetism is absent m ferromagnetic single crystals of iron of 
ordinary size , and J Frenkel and J Dorfman consider that the phenomena of 
retentmty and h>steresis, observed m ordinary ferromagnetic bodies, are connected 
with the inner stresses characteristic of their structure 

According to N Akulofi, if a single crystal of iron or nickel be magnetized 
to a certain intensity, first m the direction of the prmcipal axis, and then to the 
same intensity in any other direction, the difference m the resulting changes m 
length of the crystal parallel to the direction of magnetization, and the difference 
between the relative c ha n g es in electrical resistance and the area between the 
magnetization curves or the alteration in the internal energy, are all proportional 
to each other N Akuloff showed that for a smgle crystal of iron magnetized to 
its saturation value, the longitudinal and transverse changes of length accompanying 
changes in the direction of magnetization relative to the crystal structure can be 
explained by means of forces arising from the magnetic dipoles , and there is a 
direct proportionality between the energies mvolved m such changes m length 
and the energies required to produce the corresponding change of direction of 

magnetization Both phenomena are due 
to the deviation of the same carrier of 
magnetic moment from its normal position 
of minimum energy in the crystal Accord- 
ing to P Weiss and R Forrer, the pheno- 
menon of spontaneous magnetization shows 
that an unmagnetized body at ordinary 
temp consists of small volumes magnetized 
m different directions so that the resultant 
effect is to give zero magnetic moment to 
the whole Under the influence of a mag- 
netic field, some of these elements change 
their directions or produce their resultant 
moment According to K Honda and co- 
workers, and W Gerlach, the coercive force 
and hysteresis loss which occur in smgle crystals correspond to the energy loss in 
breaking up the circuits of flux m the iron, and the more nearly perfect the crystal, 
the smaller the hysteresis loss The magnetization thus occurs in two ways (i) by 
a change from one cubic axis to another and it occurs in weak fields of a few gauss , 
(u) by a break from the cubic direction and it occurs only in strong fields Accord- 
ing to W L Webster, the value of the intensity of magnetization at which the break 
occurs will depend on the direction of the magnetic field relative to the crystal 
axes When all the small elements in the crystal of iron have had them direction 
of magnetization changed to comcida as far as possible with the cubic directions 
nearest to the applied field, consistently with the condition that there should be 
no transverse magnetization, then any further increase of bulk magnetization must 
be produced by forced deviations from these cubic axes towards the direction of 
the applied field, and the knee will appear The curves, Fig 298, are based on 
those of K Honda and S Kaya With an applied field along a cubic axis, the 
second process will not appear at all and the initial rapid rise should continue 
right up to complete saturation For the (110) and (111) directions the transition 
should take place at intensities Vi and Vi the saturation values G J Sizoo 
found that with smgle crystals in which all mechanical strains had been eliminated 
by prolonged heating, hysteresis was present only in the region of low field-strength 
There are discontinuities in the magnetization curve, and in the region above the 
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last discontinuity, the specimen is completely magnetized , at this point, the 
hysteresis branch forms a continuation of the reversible part of the ma gnet izin g 
curve The retentivity has the same general v alue as for ordinary polycrystallme 
iron 

H F Parshall observed that the permeability of cast iron is diminish ed if 
cooled too rapidly, since combined carbon reduces the permeability According 
to J H Partridge, the highest values for the induction and permeability are obtained 
with annealed cast iron For high permeability, the graphite should be m the form 
of temper carbon , the combined carbon, low , and cementite absent Cementite, 
added H Nathusius, is a sure indication of poor magnetic properties W Koster 
andH Tiemann studied the effect of annealing H F Parshall said that between 

2 and 3 per cent of graphite has no perceptible effect on the permeability An 
excess of sulphur favours combined carbon and reduces the magnetic quality 
F Goltze also found sulphur to be prejudicial to the magnetic properties of cast 
iron H F Parshall concluded that silicon annuls the effect of sulphur, and no 
inferiority was observed until the proportion exceeded 2 per cent P Reusch 
said that silicon precipitates graphite, and precipitated graphite lowers the magnetic 
induction H Nathusius said that silicon improves the magnetic properties of 
cast iron F Goltze, and J H Partridge observed that silicon decreases the 
magnetic induction, and the coercive force and the hysteresis loss are reduced with 
silicon m cast and annealed iron An excess of phosphorus over 0 7 per cent 
reduces the magnetic quality , F Goltze said that phosphorus reduces the permea- 
bility , and J H Partridge, that phosphorus has but little effect on the magnetic 
properties H F Parshall showed that manganese has little effect when present 
m its usual amounts, and this agrees with P Reusch’s observations F Goltze, 
andJ H Partridge found that manganese reduces the mduction of cast and annealed 
iron, but with annealed iron, the coercive force and hysteresis loss are increased, 
and the remanent magnetism decreased A Schweitzer observed that up to 3 per 
cent of aluminium reduced the magnetic properties of iron J H Partridge 
observed that aluminium decreases the magnetic mduction, permeability, and 
remanent magnetism, and raises the coercive force and hysteresis loss , whilst with 
the annealed iron, up to 1 per cent decreases the mduction and maximum permea- 
bility, but increases the coercive force and hysteresis loss Amounts between 1 and 

3 per cent increase very much the mduction and permeability, and decrease 
enormously the coercive force and hysteresis loss J H Partridge said that 
chromium acts like manganese and is prejudicial to magnetic mduction both m the 
cast and annealed alloy, and that nickel behaves similarly The presence of 
sufficient nickel, or nickel and manganese makes non magnetic cast iron The iron 
should be entirely austenitic The presence of cobalt increases the magnetic 
mduction and remanent magnetism, and increases the maximum permeability 
of cast iron The subject was discussed by H O’Neil, P Nieolau, andR L Sanford 
W F Barrett found that the order of magnetic permeability of the alloys of iron 
is different from what is the case with the order of electrical conductivity The 
most permeable alloys observed were those with silicon and aluminium, the 
magnetic permeability of an alloy with 2 5 per cent of silicon (qv) exceeds that 
of annealed iron of a high degree of purity up to a field of 10 c g s units , and with 
aluminium alloys, the magnetic permeability up to a field of 60 c g s units exceeds 
that of the iron The increased magnetic susceptibility of these alloys may be 
due to their action m removing traces of iron oxide from the metal 

R Gans, and W Stemhaus and E Gu m lich showed that the ideal, reversible 
permeability curve of mild steels is infinite in weak fields C Bieler-Butticez 
studied the effect of cold-work on the magnetic properties of iron A Kussmann 
and B Schamoff observed no relationship between the magnetic hardness or coercive 
force and the mechanical hardness with allovs of iron and nickel with copper, 
aluminium, and chromium , but C Nusbaum observed that the coercive force of an 
eutectoid carbon steel is m a good agreement with the scleroscopic hardness when 
vol xin s 
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the steel has been cooled at diSerent rates W M Hicks found that aluminium, 
phosphorus* and arsenic decreased the coercive force and hysteresis loss of iron, 
and aluminium largely increased the permeability G Malmberg, and H E Dillei 
discussed the effects of small proportions of different elements on the magnetic 
permeability of iron — vide infra , the alloys of iron 

The permeability was measured by A M Armour M Ascoli and F Lon, J M Baldwin 
R Beattie and H Gerrard R Becker G Belloc R Bown A Campbell, H le Chatelier 
\\ L Chenej C Chistoni and G G de Veechi, S S Clark, R E B Crompton, G Delbart 
H E Diller C V Drysdale, E Dumont, A Durward, F Erhardt J W Esterline and 
R B Treat J A Ewing H Frank 0 Frolich R Gans F Goltze A Gray, R C Gray 
E Gumlich and co workers, E P Harrison E Haupt, C Hemke P Holitscher, R Hugues, 
A Ilio'vici, H Kamps Y Kato, A E Kennellv, W N Kemot I Klemencic, J KOmgs* 
berger A Koepsel W Koster H Lange, G C Mams J A Mathews, D Mazzotto, 
J T Moms and T H Langford, E Mullendorff, W H F Murdoch, B Neumann, P Nicolau* 
J H Partridge B 0 Peirce, A Perrier, Lord Rayleigh, P Reusch E Rhoads, J Sahulka 
G F C Searle E Schmidt W Schmidt E K Scott R Shida B S Summers, T Swin 
den R \an Tongel, M E Thompson S P Thompson, A M Thiessen J Trowbridge 
and E P Adams, A Turner G R Wait, H S Webb M Wien, R L Willis, E Wilson 
and J Wurschmidt and H Kamps studied the effect of a layer of oxide on the magnetic 
properties of iron 


A W Rucker measured the step b} step magnetization of iron S Procopiu, 
and T Spooner studied the effect of a superposed alternatmg field on the magnetic 
permeability of iron E W Marchant found that the permeability of iron subjected 
to an oscillatory discharge of 10,000 to 100,000 cycles per second is not sensibly 
different from the result obtained by ballistic tests The damping of the oscillations 
was more rapid with thicker iron wires , and with cores of solid iron, the discharge 
was reduced to one half oscillation J R Martin, E Krauter, W Kartshagin, 
and W Arkadieff measured the magnetic properties of iron for alternatmg fields 
from zero to very high frequencies , R Gans, and G Yallaun for slowly rotating 
fields , whilst M J 0 Strutt, and L Tonks measured the effects of a high-frequency 
rotating field — from 52,000 to 170,000 cycles per second W K Mitiaeff reported 
an anomalous change m the permeability of iron at radio frequencies, but it could 
not be verified by G R Wait and co workers R Urbschat, E M Guyer, G Laville, 
B Wedensky and K Theodortschik, 0 M Corbmo, W H Eccles, W K Mitiaeff, 
J B Hoag and H Jones, and C Gutton and I Mihul studied the permeability 
of iron at high frequencies , and S K Mitra, the demagnetization of iron Ity 
electromagnetic oscillations of frequency up to 500,000 per sec L Tonks, and 
T Grant also studied the behaviour of iron in electromagnetic fields of high 
frequent M Tschetveriko\ a observed the demagnetization of iron m damped, 
magnetic, alternating fields, and with short Hertzian waves A=28 to 1700 cm 
Slow altematic fields demagnetize iron only when the field strength is below 2 3 

gauss No demagnetization was observed with 
undamped waves, and B Wedensky and 
K Theodortschik observed that there is an 
anomaH Demagnetization phenomena were 
studied b\ R Forrer and J Martak m the per 
ineabilitv of iron m oscillating magnetic fields, 
but R Bown, and G R Wait and co workers 
observed no change m the permeability of iron 
exposed to radio-frequency vibrations 

If a long, thm, unmagnetized rod be placed 
m the solenoid, and the current be gradually 
increased from zero to a maximum value, OH, 

. j v i 299, the resulting BH curve will be re 

Jwh* 1 ill ^H re HE represents the maximum flux density or m- 

SSL tie current be now reduced to zero, when the curve BA is 
Ywm ^ represents the flux density or residual magnetism, or rema- 
ps e current now be reversed in direction, thus tending to magnetize 
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in the opposite direction, and gradually increased to a maximum OH' The 
curve ACF is now obtained Here 00 represents the value of the reversed 
magnetizing force necessary to reduce the flux density to zero, or to w ipe out the 
residual magnetism, or remanence Here 00 is the so called coercive force» or 
a kind of magnetic hardness On again decreasing the magnetizing current to zero, 
and reversmg so as to increase the induction to its maximum value, the curve 
FBDE is traced If the cycle be repeated, the curve will be retraced, but the 
initial path, OGE, is not followed unless the specimen is first completely demag 
netized The magnetic effects are liable to persist, or lag behind the applied 
force Thus, the value of B when H is decreasing is always greater than when 
H is increasing When H is zero, B still has a definite value, and a re\ ersal of the 
magnetizing force is necessary to bring B to zero 

The time-lag of the intensity of magnetization, 7, on the change of magnetizing 
force, H , is called the magnetic viscosity When annealed wrought iron is sub- 

j ected to a magnetizing /y for cobalt, nickel, and Heuslers alloy 

force, and the force is 0 40 80 120 160 200 

changed, the magnetic u mu 
viscosity shows itself as 
a lapse of time before the 8 0018 
corresponding change m Q 0Qj6 
magnetic intensity is com- 
plete The effect is most q qq^ 
pronounced with small 
magnetic forces or with q 00/2 
very small changes of g 
the magnetizing force 0 00/0 
C Lapp found that elec- ^ 
trolytic iron exhibits mag 0 0008 Irir^ ; 

netic viscosity and that 
the viscosity is diminished 0 0888 
by prolonged ageing at 
130° to 190°, but at the 0 om 
expense of the magnetic o 0002 

properties of the metal ■ . . _ 

Annealing the electrolytic q \ 1 L 1.. 1111 J 1. I 

mart 300" to BOO" lu» ° 1 ’ * 

reciprocal of the perme * I<J 300 — The Reluctivities of some Fenomaguetic Mttals 

ability of iron is termed the reluctivity, and T F Wall gives the values shown 
m Fig 300 for the reluctivities of some ferromagnetic metals— annealed iron, 
annealed steels, cobalt, nickel and Heusler s allov C Nusbaum and co-workers 
studied the relation between the reluctivity and the structure of eutectoid carbon 
steel — vide supra , Fig 300 

J A Ewrng applied the term hysteresis to the lagging of the magnetic mduction, 
or flux density, behind the magnetic force which produces it E Warburg showed 
that the area of the h> steresis loop is proportional to the energy lost m the specimen 
owing to the change m its magnetic condition The energv, W, dissipated owing 
to the so called hysteresis loss, represented by the area of the loop FOAEDB , 
Fig 299, can be expressed m ergs per c c per cycle This was verified b} 
J A Ewing, J Hopkmson, and Lord Rayleigh The dissipation of energy 
produces a thermal effect which is observed during cyclic reversals of the 
magnetization 

The phenomenon was studied by J A Ewing G Kapp A Tanakadate L T Robinson 
J P Joule, W R Grove, J G S van Breda J Jamrn and G Roger F W Constant 
M Fukuda L Pilleux A Cazm, E Edlund Lord Kelvin R Gans, K Eller H A Dickie 
W M MordeyandA G Hansard, C E GuyeandA Schidlof H Nathusius \ Gradenwitz 
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1? Niethanmiei K Seyama M E Ricea and B McCollum, E E F Creighton, M G Llo\d 
and J V S Fisher, R Beattie and P M Elton A Ebelmg and E Schmidt F F Martens 
4 D Adams F C Langenberg and R G Webber, M Brjlmsky R G Lovarte* 
N Damelsen, C E Webb and L H Ford, E Spuhrmann, S W Richardson and 
L Lownds, L M Potts, A Dma, R Hieeke G F C Searle and T G Bedford, T Gray 
b G Bailey G G Gerosa and co workers H Nagaoka, W Kunz C G Knott, A 4bt 
T Swinburne and W F Bourne W H Preece J Schneider, N Nikitm, J Trowbridge' 
X Trowbridge and W N Hill H Herwig, J Borgmann E Mullendorfi, E A Watson' 
\ Kulms P Duhem F A A\eihe E Holler, H F Parshall, C Maurain E Wilson 
E Schmidt G Hannach,A W assmuth M G Lloyd R Richter J Herrmann, P Weiss and 
V Planer G A allauri, J H Andrew and co workers, P H Dudley, B G Churcher 
C W Burrows and F P Fahy N J Gebert, S R Williams, R L Sanford and co workers 
C Nusbaum H 41fven, R H de Waard, W Neumann, D Foster, and E Warburg 
and L Homg ® 


E W irbuig observed tliat 68 per cent of the ( nergy represented by the area of 
the hysteresis loop is dissipated as heat , A Tanakadate observed 80 per cent 
I Klemencic, 100 per cent , and F A Weihe, 80 per cent for iron, and 73 per 
cent foi steel The subject was studied by W B Ellwood Accordingto W B Ell- 
wood, on tmersmg the hysteresis loop from 290 to 20 gauss, heat is evolved by 
the non , on passing from 20 to —6 gauss, the iron cools suddenly , from —6 
to —90 gauss, the iron rapidly becomes warm , and as the field passes from —90 
to --290 gauss, the iron is cooled C H Willis emphasized the value of a high 
proportion of silicon m steel when it is desired to prevent losses by hysteresis and 
eddy currents T R Ashworth studied the changes m the energy of iron cooling 
through the critical temp , and N W McLachlan, the heat produced when iron 
is magnetized by high frequency alternating currents E Condon discussed a 
possible directional hysteresis m iron 


A J Sorensen, R L Edwards, J D Hanawalt and L R Ingersoll, 
E P T Tyndall, and L C Jackson discussed the magnetic properties of t hin filma 

j dm of iron C Mauram found the thin 

nest film of iron showing magnetic 
properties was a millionth of a imlh 
metre m thickness E F Burton and 
B Phillips obsen ed that the magnetic 
susceptibility of a colloidal soln of 
non in methyl tkohol is stronger than 
it would have been if the iron were 
present as a ferric salt, and yet weaker 
than iron alone It is concluded that 
each particle of iron is surrounded by 
a compound of iron — say, the hy 
droxide The subject was studied by 

H Isnardi, C G Montgomery, and 

" J «“■. "*** » Speed and 

lie 301 -The Effect of Carbon on tho LIIS 

Hjsteresib Loss of Iron Sihcon Alloys properties of compressed powdered iron 

P D Yensen summarized his ob 



servations on the efiect of carbon and silicon on the hysteresis losses, in ergs per 
cm cube per cycle for 10,000, in Fig 301 Every 0 001 per cent of carbon 
raises the hysteresis loss about 10 per cent provided less than 0 008 per cent of 
the carbon is present in solid soln so as to form part of the iron lattice 
Nitrogen and oxygen are thought to behave similarly With electrolytic iron 
cont ainin g 0 005 per cent of carbon, the maximum permeability increased with 
addition of carbon from 25,000 to 61,000 with 0 06 per cent of carbon, and 0 4 
per cent of oxygen It is assumed that here the added carbon deoxidized the 
non and left in the metal no oxygen and only about 0 005 per cent of carbon 
For hydrogenized iron, mde supra S Saifco studied the saturation value of 
cementrte and of the complex carbides with tungsten and with chromium 
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T D Yensen showed that the hysteresis losses of iron are influenced by the gram- 
size J R Ashworth studied the anhysteresis of iron, and the hysteresis of iron 
coolmg through the critical temp 

The time lag m the magnetization of iron was attributed by C Lapp to magnetic 
viscosity, and not to mduced currents as supposed by R M Bozorth J Hopkinson 
and E Wilson, E Donati, and T R Lyle and J M Baldwin studied the rate of 
propagation of magnetism along iron rods 0 Grotrian showed that with a 
cylmder of iron magnetized m the direction of its axis, with low saturation, the 
magnetization of the periphery is greater than that of the axial portions M Ascoli 
and E Lon discussed the distribution of mduced magnetism m iron I Klemencic 
observed that the magnetic permeabilitv of iron is different m circular and axial 
directions, and the phenomenon may be called magnetic double refraction The 
permeability with soft iron is smaller around the axis than m the direction of the 
a xis , and m the process of drawing hard iron or steel, the metal obtains a stronger 
permeability axially than m the circular direction W Penkert showed that 
when a long, straight bar is excited by a magnetizing coil saturated at the centre 
the lines of force which pass through the coil do not keep m the iron up to the end, 
but emerge into the am at all points along the length of the bar This explams 
why the mduction of the bar falls off continuously as the distance from the central 
source of magnetization is mcreased 

Accordmg to W M Mordey, the slow change which occurs m the permeability 
of iron is not due to progressive magnetic fatigue caused directly by repeated 
reversals Neither magnetic nor electric action is necessary for its production 
It is a physical change resulting from a prolonged heating at a very moderate 
temp The change is greater if pressure be applied during the heating, and it is 
not produced when iron is not allowed to rise m temp more than a few degrees 
above atm temp A similar effect is produced by hammering, rolling, or heating 
to redness and coolmg quickly, and the iron returns to its ongmal state when 
re annealed The iron does not return to its origmal conditions if kept unused, 
and at ordinary temp , for long or short periods D Mazzotto found that the 
effect of ageing is a maximum at 131° The subject w as discussed b\ R L Dowdell, 
H Kuhlewem, and T E Green 

T Sone examined the magnetic properties of electrolytic iron deposited in a 
magnetic field, and he found that the curve of initial magnetization lies consider- 
ably higher that it does with specimens obtamed m a zero field , the loop of the 
hysteresis curve is also wider than it is with ordinary iron, but the magnetic field 
applied durmg electrolysis does not sensibly affect the hysteresis curve The 
hysteresis curve of electrolytic iron deposited m a magnetic field becomes flatter 
with the lapse of time as the molecules settle down slowly to a state of equilibrium 
Annealing hastens this change H Hanemann and P D Merica obsen ed a close 
and nearly linear relation between the elastic limit of soft iron, and the values of 
the stress at which permeability maxima occur as the metal is elongated 

H Barkhausen observed some discontinuities m the magnetization of ceitam 
ferromagnetic materials, which have been called the Barkhausen effect The 
Barkhausen effect, dB/dH, represents the change of mduction dB with change of 
magnetic field dH , the rate of change of mduction being represented by dBjdt, 
and the rate of change of the magnetic field by dHjdt H Barkhausen, and B \an 
der Pol attributed the effect to the sudden re orientation of groups or changes of 
molecular magnets, possibly all the magnets m a smgle crystal turning 
simultaneously There is a larger effect m hard worked than m annealed materials 
The change occurs on the deeper parts of the hysteresis loops of hard-worked iron 
and permalloy E P T Tyndall found that the size of the discontinuities does 
not depend on the gram size of silicon steel , and G J Sizoo made a similar observa- 
tion with regard to electr Dlytic iron R M Bozorth observed that the larger 
discontinuities on the steeper parts of the hysteresis loop correspond with the 
complete reversals of magnetization of about 10 17 atoms, or a vol of 10~ 6 c c 
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The effect has been studied by W Gerlach, W Gerlach and P Lertes, J D Ball 
and W E Ruder, E C Stoner, B del Nunzio, I Langmuir and K J Sixtus 
\ von Hippel and co workers, W Brandt, D G C Luck, P J Beck and 
L W McKeehan, P Weiss and G Ribaud, K Zschiesche, S R Williams, 
R M Bozorth and co workers, F Preisach, J Frenkel and J Dorfman, 0 Tesche* 
\ Cisman, E P T Tyndall and J M B Kellogg, S Procopiu, S Procopiu and 
T Farcas, K J Sixtus, K J Sixtus and L Tonks, H Biron, K Steimel, and 
J Pfaffenberger C W Heaps and J Tailor found that with high speeds of 
magnetization there are more and smaller discontinuities as the speed is slightly 
reduced , and with large reductions of speed, theie are fewer discontinuities m 
ordinary specimens than for high steels The mechanical Barkhausen effect 
obtained by twisting or stretching occurs with iron and annealed nickel, and it 
almost disappears when the magnetization approaches saturation A hard steel 
ball of fine homogeneous structure showed no discontinuities D Foster observed 
no breaks m the knee of the magnetization curve of single crystals of iron 
R Forrer also observed that the Barkhausen effect is strongly influenced b) 
internal strains E P T Tyndall did not accept the hypothesis of W Gerlach and 
P Lertes, and K Zschiesche said that the effect depends on magnetostriction, but 
it is m agreement with the work of L W McKeehan, and C W Heaps and 
J Taylor The strains set up by magnetostriction — mde infra — when relieved 
discontmuously produce the jumps of induction H Rmdfleisch studied the 
effect of helium and neon on the Barkhausen oscillations 

The magnetization curves and hysteresis loops of smgle crystals of iron made 
by W Gerlach show breaks or abrupt changes of slope , and this was also con 
firmed bv E Dussler and W Gerlach, H Gries and H Esser, and G J Sizoo 
On the other hand, D Foster, E Wollman, and D Foster and R M Bozorth 
observed no breaks m the cur\e The discrepancy is due to the need, m the former 
case, for applying corrections for the field mtensity which usually goes through a 
rather sharp maximum m the same range of magnetization as is occupied by the 
knee of the curve R Goldschmidt discussed the relation between permeability 
and hysteresis 

C P Stemmetz obtained an empirical relation between the work, W, lost by 
hysteresis effects, W—rjB 1 6 , when rj is constant for any one specimen, and it is 
called the coefficient of hysteresis J A Ewrng said that 1 59 is more m accord 
with the published data than 1 6 for the general constant The formula is applic- 
able for the range of magnetization used in electrical engineering, but is not 
a PP^ lca kle for very weak or very strong magnetic fields The subject was mvesti 
gated by J A Ewrng and H G Klaassen, W Elenbaas, A E Kennedy, J A Flem- 
ing and co-workers, M Nakamura, H F Parshall, etc The values of rj for soft 
iron ranges from 0 001 to 0 003 , for annealed high carbon steel, 0 008 , and for 
hardened steel, 0 025 Some values for steels with different heat-treatments are 
indicated in Table XLIII C P Stemmetz observed that for many kinds of iron, 
the ratio is a constant — here H c denotes the coercive force For H with a 
maximum of 500, S Curie obtained linear relation between the coercive force 
wr hysteresis coefficient The following values were given by C P Stemmetz, 

at an< ^ co-workers, A Ebeling and E Schmidt, E Gumlich and 

E Schmidt, S Cune, and C Benedicks 


B max 
vlB e 

H im y 

VlBc 


. 49 , 45 90 199 150 205 500 505 

0 00131 0 00105 0 00103 0 00110 0 00105 0 00092 0 00072 0 00062 

4 0 10 1 14 4 18 9 23 5 30 82 

0 0066 0 0026 0 0023 0 00155 0 00128 0 00114 0 00098 


S ** ^ tl0n V/H c =0 00067+0 0257 JH^ , E Gumlich and 

° Be ?* dloks » tte relation /i=a#/5 cmax , where R denotes the 
i n enoe ’ eod a 18 a linear function of the coercive force, a=a-\-BH e , where a 
n*i ^ are constants, and C Benedicks, the relation R—I^H^a D Foster 
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found that with single crystals of iron, the hysteresis loop is characterized by 
extremely steep sides with sharp corners and high remanence The coercive force 
for H m ax =30 gauss is 0 4 gauss, and m respect to the effect of orientation there 
is a qualitative agreement with earlier work The initial permeability is about 
175 The maximum permeability occurs at a field intensity of about 0 8 gauss 
N Akuloff observed that the remanence and hysteresis loss with single crystals can 
be expressed as a function of the magnetization, and are not affected by mechanical 
stresses, but L W McKeehan and co workers do not agree with this statement 
According to T D Yensen, the \alues given b\ different m\ estigators for the 
magnetic permeability of the purest available forms of “ iron have risen m a 
remarkable wav, from H A Rowland s 2,500 obtamed m 1873, to his own \ alue 
of 61,000 obtained m 1928 His summary of the results is gnen m Table \LT\ 

Tabte XL1V — The Magnetic Permeability or Iro^ 


Pi mu ibiht j — 11 (gilberts per cm ) B — 10 000 


Material | 

i 

Wav 
pernio i 
bilitv 

0 

i 

0 01 1 

1 

1 0 

0o 1 

1 0 » 

( oer t 
ci\e | 
(gilberts, 
per cm ) 

Hvstere 
SIS lOSb 

(ergb per 
cp per 
c> cle) 

i 

Authoiits 

i 

W roil ght iron 

2 >00 

— 

1 

1 

— 

- 1 

— 

— 

- 

H 4. Rowland 
(1873) 

J 4 Ewing 
(1885) 


2 000 

-- 

1 

- 

- 

2 000 ! 

- 

o 000 

Swedish non 

2,000 

— 

— 


1 000 1 


0 02 

2,700 

\\ F Bairett 
(1900) 

E Gumlich 

E Schmidt, 
(1901) 

W i ought non 

8 350 

— 1 

1 

- 

1 

— ' 

0 50 

< 1 "500 

Elect iron — an 
nealed 

11 000 

! 

1 

- 


— 

* 

— 

E M Tern 
(1910) 

Iron (0 4 per 
cent Si) 

11,600 

i 



1 

1 

i 


c 0 45 

c 1400 

i 

E Gumlich, 

P Goerens 

1 (1912) 

Elect iron — an 
nealed 

11,500 

— 

— 

— 

11,200 

9,600 

— 

1,400 

M Breslauer 
(1913) 

Elect iron — vac 
fused 

19 000 

— 

— 

— 

18 800 

12 500 

c 0 22 1 

810 

T D Yensen 
(1914) 

Elect iron — vac 

25,800 




23,600 

14,000 

0 20 

660 

T D Yensen 
(1915) 

fused (0 15 
percent Si) 

50 000 

— 

— 

— 

27,000 

14,500 

0 09 

290 

T D Yensen 

I (1915) 

41,500 

— 

— 

1 700 

27,000 

14 600 ! 

0 17 

500 

T D Yensen 
< (1920) 


61,000 

1 150 

2,600 

46,600 

28,600 

15 500 

0 09 

300 

T D Yensen 
! (1928) 

Armco iron 

7,000 

250 

I 

200 

320 

1000 

4 300 

i 

0 72 

2,100 

1 H D Arnold 
’ G W Elmen 
, (1920) 


Values greater than =40,000 were obtained by using electrolytic iron previously 
fused in vacuo, and by the addition of 0 15 per cent of silicon, values exceeding 
ja=50,000 were obtamed The effect of the silicon was attributed to its cleansing 
action m removing oxides By extrapolating values for iron with traces of impuri- 
ties, indications were obtamed that iron will be obtained with an enormous per- 
meability, and a zero hysteresis Annealed, electrolytic iron with only 006 per 
cent of carbon has been obtamed with a permeability of 61,000, and a hysteresis 
loss of 300 ergs per cc per cycle E Wilson studied high permeability iron 
R L Sanford and W L Cheney found the maximum induction and coercive force 
for Norwegian iron to be 15,900, and 5 0 respectively , for Bessemer steel, 15,900, 
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and 9 0, for 0 85 per cent carbon steel — annealed, 14,310, and 13 0 , oil quenched, 
9380, and 53 0 , and water-quenched, 9800, and 56 5 

C Mauram examined the magnetic properties of iron deposited m a magnetic 
field , B Speed and G W Elmen, the magnetic properties of powdered, electro- 
lytic nun eompressed into rods R Bornstein was unable to determine the relation 
between the density of iron and magnetization, but W Trenkle observed that with 
compressed rods of iron powder and clay, with equal magnetizing forces, the 
magnetization and susceptibility of iron powder alone is always greater than that 
of a mixture of iron powder with a substance which cannot be magnetized The 
magnetic saturation of iron powder is greater than that of the (Muted powder 
If the massive rod is distinguished from a rod composed of powder only by its 
density, the magnetization of iron falls with its density, and the magnetic saturation 
is less as the density is smaller Hence, the magnetic force required to attain 
an eq value of saturation is greater for iron alone than for diluted iron Variations 
m density do not produce so great an effect on the course of magnetization, 
as variations of the dimensions of the elliptical or cylindrical form of the 
rods W Koster discussed the influence of inclusions m iron and steel on the 
coercive force 

H Trosien, and T Spooner investigated the effect of a superposed alternating 
field on the hysteresis loss M von Moos and co-workers, and O von Auwers 
did not find that the hysteresis losses m watts increased proportionally with gram- 
size , and if N denotes the number of grains per sq mm , the loss in watts 
where a and b are constants 

Vibration increases the magnetic susceptibility of iron, and reduces the reten- 
tiveness and hysteresis Three centuries ago W Gilbert showed that a bar of 
iron can be magnetized by hammering it while it is situated m the earth’s magnetic 
force According to J A Ewing, a bar of iron held vertically and subjected to 
no mechamcal disturbance, acquires only a very feeble trace of magnetism owing 
to the weakness of the vertical component of the earth’s magnetism, but if sharply 
tapped, it becomes a fairly strong magnet, which persists after the bar has been 
withdrawn from the field, until it is expelled by further tapping or by the application 
of a moderately strong magnetic force of opposite sign The magnetism acquired 
by an iron ship m building, and that acquired by the shock of rupture when iron 
or steel is broken m the testing machine are also examples of the phenomenon 
Soft, annealed iron is most susceptible to the vibration, so that a gentle rubbing 
will impart magnetism to soft iron in the earth’s magnetic field, or remove much 
of the residual magnetism left when a strong magnetizing force has ceased to act 
The magnetic effects of hysteresis almost entirely disappear from soft iron if the 
piece he gently tapped during the application and removal of the magnetizing 
force This subject was further investigated by W Scoresby, E Warburg, 
E Wiedemann, G Wiedemann, M L Frankenheim, L Kulp, M Otto, R Jouaust, 
G Mars, C Eromme, F G A Berson, W Brown, H and F Stremtz, E Villari, 
E Fossati, J A Ewing, J A Ewing and H G Klaassen, J Hopkmson and 
E Wilson, G Henrard, and E D Campbell and G W Whitney II Gewecke 
studied the effect of temp on the retentiveness 

H Tomlinson examined the effect of temp and other conditions on the con 
atants a and 6 m the relation B=aH-{-bH 2 , where a denotes the ini tial permeability 
The dissipation of energy depends on the value of b , and he found that the internal 
friction in any complete cycle may be decreased by repeating the cycle so that 
the molecules appear as if they are (zccomrnodated to the process The accommoda- 
tion of freshly annealed iron can be largely aided by repeatedly raising the temp 
of the metal to 100°, and then allowing it to cool The accommodation is disturbed 
by slight mechamcal shocks, small changes of temp , or by magnetization beyond 
certain limits Under these influences, the internal friction or viscosity may for 
a time, or even permanently, be considerably mcreased The values of a and 6 
are temporarily mcreased when the temp is raised from 0° to 100° 
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L Tonks found that the susceptibility decreases with increasing frequency , 
the hysteresis angle tends to increase with frequency, and for a given frequency 
reaches a maximum for I at about 500 , whilst the hysteresis energy loss per 
cycle, E, increases with frequency for constant magnetic intensity, and decreases 
for constant field The exponent, a, m the equation E=AB a increases from 2 9 
to 3 37 as the frequency is increased from 52,000 to 172,000 cycles per second 
The subject was studied by W E Sumpner, M MacLaren, N H Williams, 
S W J Smith and J Guild, B Wedensky, B Wedensky and K Theodortschik, 
G R Wait, E F W Alexanderson, J Zenneck, and K Kreiehheimer 

W Gilbert observed that when an iron needle is red hot, it is not attracted by 
the loadstone, but it is again attracted when the needle has cooled — vide supra, 
allotropes of iron The phenomenon was also observed by J Canton, R Bovle, 
P Erman, G G Hallstrom, H B de Saussure, P Barlow and C Bonnycastle, 
M Mauritius, W Ritchie, T J Seebeck, M Faraday, E Becquerel, T Cavallo, 
A Brugmans, and C Matteucci C A Coulomb studied the period of \ibration 
of a heated magnetic needle m a field of known intensity S H Christie noticed 
that when a magnet is heated, a sensible loss of magnetism occurs at about 38° , 
that the diminution of magnetic moment is not a linear function of the temp 
because the rate of change increases with the temp , and that the moment of the 
magnet is increased, cooled by a freezing mixture, but returns to its ongmal value 
when the ongmal temp is restored H A Rowland found that the magnetic 
susceptibility of iron for small fields is greater at high temp than at low ones, 
while for large fields, the reverse is true C Baur found that the rate of increase 
of permeability is greater for high than for low temp , while as a critical temp is 
approached, the permeability decreases rapidly for strong and weak magnetic 
fields and finally approaches unity R Pictet found that with a compound horse- 
shoe magnet, the strength of the magnetic attraction was 57 31 grms at 30° , 
61 04 grms at 0° , 68 15 grms at —50° , and 75 80 grms at —100° J R Ash- 
worth found that when a magnet is heated to 6 °, and cooled, the relation of the 
mtensity of magnetization, I, to temp is represented by 7— I 0 (l +<*#)> where the 
coefE a is negative , but with drawn wire, a may be positive so that the magnet 
increases in magnetization as the temp rises The coefF is positive only when the 
wire is m the commercial drawn state, for it becomes negative when the wire is 
annealed, or glass hard H M Loomis, and C C Trowbridge discussed the 
magnetic permeability at low temp 

The permeability was further investigated by W Arkadieff, J R Ashworth T Berglund 
and A Johansson F G A Berson H E J G du Bois, R Cazaud H le Chateker O Claus 
E H Crapper E Czerlinsky, L Dufour, L Dumas E Dumont T A Edison S Evershed 
E P Fahy, M Faraday, L Fraichet, C Fromme R Gans, J M Gaugam, J E F Gordon 
and W He wall, J Greger, K W Grigoroff, C E Guillaume, E Gumlxch C Hansteen 
J von Harlem, E P Harrison, S Hilpert, K A Holmgren, K Honda K Honda and 
S S himi zu K Honda and Y Ogura J Hopkinson P Joubm, G Kapp, W Rreielsheimer 
A T Kupffer, J Lamont, P H Ledeboer, F Lydall and A N S Pockmgton N N Malov 
H Nathusms, R A Newall F Ollendorff, H K Onnes and A Pemer F Osmond 
A Perkins H F Parshall,E Piola,D Rado\ anoviteh, P RiessandL Moser 4 W Rucker, 
R L Sanford W Schneider, E H Schulz and W Jenge, T Schwedoff, W Scoresbj, 
J B Seth and co workers, C Shenfer, S W J Smith and co workers, F Stablem, 
A F Stogoff and E I Peltz E Take, H Tomlinson, J Trowbridge C R Underhill, 
K Volkova, A Wassmuth P Weiss and J Kunz,P Weiss and H K Onnes F We\er and 
P Giam, G Wiedemann M Wien L R Wilberforce S R Williams, R L Wills H Wilde, 
W Wolman and H Kaden, and W R Wright, etc 

J Hopkinson found that for small fields — say, 3 dynes — with wrought iron, a 
rapid rise of permeability begins at about 600°, reaches a maximum at 775°, and 
falls abruptly to unity at 785° , while for large fields, the permeabilit} remained 
practically constant up to 600°, and then fell rapidly to unity Mild steel behaved 
m a similar manner except that the permeability had a smaller maximum, and 
became unity at 735° , whilst for hard steel, the lowering of the maximum was 
more pronounced, and disappeared at 690° During the cooling, the magnetism 
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of -wrought iron reappeared at practically the same temp as that at which it dis 
appeared, but with steels there was a marked lag which increased with the carbon 
content D K Morris observed that annealed Swedish iron gave temperature 
permeability curves with a distinct minimum near 550°, and that this result was 
not obtained with charcoal iron R L Wills observed that the maximum per 
meability occurs with weaker fields as the temp is raised, and that the relation 
is nearly linear With alloys, as the proportion of iron decreases, the difference 
of temp between the disappearance and reappearance of magnetism is increased 
W del Regno, A Regner, J G Gray and H Higgins, F Osmond, C E Guillaume, 
andE Dumont also studied the subject with alloy steels According to J A Flem- 
ing and J Dewar, the permeability of annealed Swedish iron for all fields is less 
at low temp , while for un annealed and hardened iron, it increases as the temp 
is lowered T Claud observed that a reduction of the temp lowered the hysteresis 
and permeability K Honda and S Shimizu observed that the permeability and 
hysteresis loss m liquid air decreased for small fields, but increased for large ones 
C W Waggoner obtained similar results for low carbon iron J A Fleming 
obser\ ed that annealed, low carbon iron has an increased permeability for all 
fields at low temp , while m liquid air, annealed high carbon steel has a smaller 
permeability In a broad way, it appears as if a low temp decreases the per 
meability of iron with a large proportion of carbon, and an opposite effect is pro 
duced with iron having a small percentage of carbon J Stauber found a lowering 
of the temp diminished the hysteresis loss of these steels, but with higher mag 
netizmg fields — 30 gauss — both permeability and hysteresis loss increased with a 
decrease of temp C Barus and V Strouhal observed that the prolonged action 
of steam on magnets reduces their magnetic power very considerably , but if 
re magnetized, they are less sensitive to deterioration from heat and vibrations 
R Forrer and J Schneider found that the magnetization of iron annealed at 200° 

to 400° and at 450° to 900° is different, 



and, in consequence, they supposed 
that there are two allotropes, both of 
which are stable at ordinary temp 
W B Ellwood studied the change 
of temp which occurs during magneti- 
zation F Bitter also studied the 
magneto-caloric effect K Honda and 
co-workers found for the heat evolved 
during magnetization, the net energy 


Fig -)02 —The Effect of Temperature on the of magnetization is less than 50 per 
Resistance and the Magneto caloric Effect cent of the total energy, and the 

greater part of the applied energy is 
dissipated as heat The energy dissipated on magnetization nearly coincides with 
that thermally observed The calculated and observed data are 


C alculated 
total energy 
of magnetiza 
tion (ergs) 

Carbon steel 4 Gx 10 4 

Tungsten steel 8 73 X 10* 

Magnet steel 20 7 x 10 4 


Calculated Observed C ilculated energy 

loss of energy evolution stored by 

on magneti/a of heat magnetization 
tion (ergs) (ergs) (ergs) 

2 38 X 10 4 2 2a 10* 2 23 X 10 4 

5 31 X I0 4 4 1 X 10 4 3 43/ 10 4 

13 2 X 10 4 15 Ox 10 4 7 50 X 10 4 


H H Potter measured the magneto-caloric effect as a function of temp The 
quantity is represented as a product of the sp ht , c, and the rise of temp The 
results for fields of 7000 gauss are indicated m Fig 302, along with the effect of 
temp on the change in the resistance produced by a magnetic field of 7000 gauss 
** denotes the Oune temp , 1050° K The changes m resistance are proportional 
to changes in magnetic energy 

M B Moir found that the magnetic quality of steel and cast iron improves 
** nses from 150° to 190° The subject was studied by F Robin, 
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S W J Smith and F Guild, and L Neel P Curie studied the variation in the 
magnetic properties of diamagnetic, paramagnetic, and ferromagnetic substances 
for temp rangmg up to 1370° Diamagnetic water, quartz, and potassium mtrate 
kept the same magnetic susceptibility over a wide range of temp , whilst the sus- 
ceptibility of bismuth steadily falls as the temp rises to the m p , it drops abruptly 
at the m p , but the susceptibility of the molten metal remains independent of a 
subsequent rise of temp The susceptibility of paramagnetic substances like oxygen 
falls as the temp rises, so that the susceptibility between 20° and 450° varies mversel) 
as the absolute temp According to Curie’s law, the product of the magnetic 
susceptibility and the absolute temp over this range is nearly constant, and this 
\alue is called Curie’s constant With ferromagnetic substances like iron, the 
case is not the same The results with different field strengths, H, lie summarized 
in Fig 303 The curve for the intensity of magnetization for //= 25 is nearly 



Fig 303 — The Effect of Tem Fig 304 — The Effect of Temperature on 

perature on the Magnetization of Iron the Magnetic Susceptibility of Iron 

parallel with the temp axis up to about 550°, but when #=100, the intensity of 
magnetization falls steadily as the temp rises, and both begin to drop very rapidly 
as the temp reaches 750°, the so-called Curie point — i e the temp at which the 
metal passes from the ferromagnetic to the paramagnetic state — and at 800° 
the magnetic intensity is very small It is therefore necessary to magnify the 
ordinate scale about a thousand times m order to show the results graphically 
This has been done m Fig 303 At A, 930°, the slope of the curve decreases, and 
is very slight up to B } 1280°, where all at once the intensity of magnetization 
becomes 50 per cent greater After this the curve has a downward slope to C 
At about 750°, ferromagnetic iron changes continuously into a paramagnetic 
substance, the corresponding change with magnetite is 530°, and with nickel 
340° The facts can be interpreted a different way by plotting the specific sus- 
ceptibility against temp , as has been done m Fig 304 The breaks in the curves 
correspond with the change from a-iron to /? iron 678°, when the iron ceases 
to be strongly magnetic , as the temp rises farther, the susceptibility mcreases, 
then falls rapidly to 920° when there is a change from jS-iron to y-iron , the 
decrease m the susceptibility with rise of temp is very small up to about 1400°, 
when there is an abrupt rise as y iron changes into 3-iron , thereafter there is a 
gentle decline m the susceptibility P Dejean, R B Fehr, and N Crane studied 
the transformations of iron at the Curie pomt R Forrer said that the two Curie 
pomts observed with ferromagnetic metals represent two different properties One 
can be attributed to spontaneous orientation of the elementary magnets, and the 
other to hysteresis Three temperature regions can be distinguished for ferro- 
magnetic metals In the first, at low temp , spontaneous orientation and hysteresis 
occur together In he second, between the two Curie pomts, only one of these 
conditions is met with In the normal case it is hysteresis (e g nickel, iron, cobalt, 
etc ), otherwise it is spontaneous orientation (e g the feiro cobalts) In the third 
region neither of these properties is found For ferromagnetic magnetization the 
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two properties are necessary M Faraday suggested that all metals might be 
ferromagnetic at low enough temp , and that it happens with iron and nickel that 
the transformation temp is higher than the ordinary temp of the atmosphere 
By plottmg the relation between the intensity of magnetization and field- 
strength at different temp , P Curie showed that as near the Curie pomt as 740 5°, 
there is a considerable rise in the intensity of magnetization as the field strength 
increases , and a few degrees rise of temp , say, to 744 2°, reduces the intensity 
of magnetization to about half its value at 740 5° for, say, H— 320, while the 
mtensity at 820° is too small to be represented on the diagram The line is curved 
at 740 5°, and is linear at 749 9° and upwards P Curie emphasized the analogy 
m the form of the curves connecting, on the one hand, the density and temp 
of a gas near its critical state, and on the other, the intensity of magnetization 
and temp of iron near the critical temp Compare Figs 303 and 304 R Ruer, 
and R Ruer and K Bode gave 769° for the temp of magnetic transformation 
K Honda found that the critical pomt of carbon steels is not affected by the 
intensity of the magnetic field , and L H Adams and T “W Green, that it is not 
affected by pressure P Dejean compared the results obtained with a cylindrical 
bar with those of a similar bar composed of 120 small cylinders S Hilpert con- 
sidered that it is not necessary to assume the formation of j8 iron between 700° 
and 760° to account for the magnetic and sp ht anomalies at this temp The 
change maj be the result of an absorption of energy which attends the breaking up 
of the polar arrangement of the magnetic molecules by their more energetic vibra- 
tion at high temp E Dussler measured the dependence of the magnetization of 
cr}stals of iron on temp along both the diagonal and tetragonal axes between the 
temp of liquid air and the Curie pomt At all temp the B E curve is initially 
linear and inflects suddenly, slowly attaining saturation The linear portion of 
this curve is mdependent of temp , but the higher the temperature the smaller is 
the field at which saturation is attained and the lower is the saturation magnetiza- 
tion The variation with temp of the magnetization at the pomt of inflexion and 
the saturation value both follow an exponential law 

J R Ashworth, following up a suggestion of P Curie, developed a relation 
between magnetism and temp analogous to J D van der Waals’ relation between 
the press and temp of gaseous and liquid fluids— 1 13, 4 If H denotes the 
magnetic field-strength , /, the mtensity of magnetization , Iq, the maximu m 
mtensity of magnetization , a'I 0 2 , the maximum intrinsic field , R, the reciprocal 
of Curie’s constant m vol units , and T, the absolute temp , then J R Ashworth’s 


equation for ferromagnetic substances has the form (H+a'I 2 )(^—~ )=R'T, which 

is based on (p+aD 2 )( — — ^-)=2?T, where p, D, and T respectively denote the press , 

density, and absolute temp of the fluid, and a 9 D 0 and R are constants For iron, 
toe constants are (E+7 67 2 )(J-i-0 0 S 5935)=3 56T As with the equation of 
^ ^ ^ er Waals, constants may be calculated for the critical state when 
x The subject was further discussed by W Peddle K Honda 

and S Kusakabe studied the effect on the magnetization of temp near the critical 
and observations were made by L F Bates, T Spooner, and S Wologdme 
v ~ Fowler and P Kapitza studied the relation between magneto stnction and 
e line pomt H G Movius and H Scott noted the similarity of the magnetic 
transformations of femte and cementite 

Observations on electrolytic iron were made by A L Holz, J Stauber, M Otto, 

Irf irf* i Sc ^ lld , W Leick ft® results with iron deposited from soln 

ot different salts to be about the same, but E M Terry observed that differences 
enst for small fields and vanish for fields over 100 dynes After annealing at 
«wu,tne samples become practically the same for all fields Discontinuities m 

O fotmd D K Moms to occur at 150°, by 

° at 180 and 300°, by W H Dearden and C Benedicks, at 120° , 
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J H Andrew and co workers, between 50° and 150° , F C Thompson and 
E Whitehead, 160° to 200° , and by S R Roget, at 135° K Honda, and 
S W J Smith found a change on heatmg with cast iron and high carbon steel 
at about 160°, and it was completed at 215° , and on cooling, the change starts 
at 215°, and finishes about 160° The magnitude of this change is roughly pro- 
portional to the amount of free cementite present K Honda also observed a 
thermal change between 130° and 215° The actual temp varied with the strength 
of the magnetizing field 

E M Terry’s magnetization curves, obtained with different field strengths, 
between —190° and about 780°, for un annealed electrolytic iron, and for the 
iron annealed at 780°, 
are shown m Fig 305 
E M Terra’s values for 
the permeabilities are 
shown m Fig 306 There 
is a sudden rise m the 
permeability for low fields 
just before the a iron is 
transformed into f3 iron 
The highest value for the 
permeability was 11,000 
with a field of H = 0 5 
dyne H Wilde said that 
the magnetism of mag- 



Fic 


W000\ 


303 —Magnetization Curves for Annealed Electrolytic 
Iron at Different Temperatures 

netic substances decreases with a rise of temp , and that the apparent increase 
which may occur is due to a surface resistance which may disappear by raising 
the temp , by increasing the magnetizing force, or by decreasmg the mass of the 
substance D K Morris obtained a maximum of 14,600 for H = 0 2 dyne with 
Swedish iron R L Wills, 17,200 for H ^- 0 172 dyne with wrought iron The 
effect of annealing was studied by H Ramps, and G Dillner and A F Enstrom 
I) K Morns observed 
three liuxmia beforo th< 

(ntical point is leached, 
and these correspond ap- 
proximately with th( 
breaks in the cooling curve 
obseived by W C Ro- 
berts Austen at 250°, 533°, 
and 766° No sign of a 
depression m the tem 
perature - permeability 

curves such as was ob- Effect of Temperature on the Permeability 

tamed by D K Morris for of Annea Jed Electrolytic Iron 

wrought iron, at 550°, with , , ^ ^ A , 

all except the strongest fields, was observed i Osmond attributed tins to a 
lowermg of the temp of transformation from a- to /3 iron Since E M Terrv did 
not observe the effect with electrolytic iron, the phenomenon is not a characteristic 
of iron, but rather of iron associated with impurities The effect of annealing is 
to increase the ma ximu m permeability about 50 per cent , whilst for small fields, 
the increase is many fold, Fig 306 For example 

23 780 1000 1100 1200 1300 

Maximum permeability 1,040 3,070 0,0S0 11,000 8 750 7,120 

C C Duell tried to explain the drop in magnetization of cementite steels m 
the range from 150° to 220°, by assuming that carbon is soluble m a iron but that 
the carbide is not, and that the drop m magnetism is due to certain atoms of free 
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carbon going into &oln as carbide The cementite line ES can be extended until 
it intersects the zero carbon line at A, Fig 307, which is near 220° This is taken 
to be the limiting point of the solubility of carbon m iron, so that near this temp 
carbon can go into soln , but carbide cannot The second, singular pomt on the 

magnetic curve at 300° marks the formation of 
the carbide The carbon m martensite exists 
as carbon and not carbide , and the formation 
of iron carbide, which begms at about 300°, 
corresponds with the formation of troostite 
from martensite The presence of alloying ele 
ments causes the A 3 line to occur at progres 
sively higher or lower temp , so that in the 
absence of carbide, the continued addition of 
carbon causes the A 3 line to change with pro 
gressively lower temp along the line GSY, 
Fig 307 G Hannack found that with tung 
sten steels the remanence, and maximum m 
duction decrease as the percentage of carbon 
increases, whilst the coercive force increases 
S W J Smith and co-workers found that the 
residual moment of a magnetized rod of in 
nealed steel is reversed when the temp is 
raised to 180° The effect occurs only with 
iron containing the laminated ferrite — cemen- 
tite eutectoid R L Sanford observed that the reluctivity of homogeneous iron 
is a linear function of the magnetizing force, but the lmear relationship does not 
apply when a tension or stress is applied to the wire H Kuhlewem studied the 
magnetic after effect 

G J Sizoo found that increasing the grain size of electrolytic iron decreases 
the coerci\e force and the work of hysteresis, but increases the maximum per 
meability, whilst the remanence remams constant Some results are indicated 
m Table XL\ O von Auwers found that the gram-size affects the coercive force, 
remanence, and permeability, but not the saturation value and sp resistance 
The effect of gram size is less marked after heatmg in hydrogen, and still less bv 
heating in vacuo The influence of gram-size on the magnetic properties is secondary 
m nature, being dependent on surface contamination by oxides and carbides 
W Koster found that the size, and arrangement of finely-divided particles m ferro 
magnetic alloys have a considerable influence on the magnetic properties 
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Fig 307 — Hypothetical Course of 
the Carbon and Cementite Solu 
bihty Curves 


Table XLV — The Effect of Grain size on the Magnetic Properties o* 
Electrolytic Iron 


Mean cliam 
of crystals m mm 

Coercive force m 
gauss 

Hemanence in 
gauss 

Maximum 

permeability 

Hysteresis work 

B xmx 4=10 000 er & 8 
per c cm 

11 

0 388 

9460 

8050 

1485 

7 


9360 

7680 

1542 

63 

0 376 

9460 

8200 

1480 

27 


9430 

8050 

1475 

12 

0 428 

9450 

7300 

1710 

07 

0 462 

9460 

7550 

1750 

06 

0 465 

9360 

6970 

1740 

03 

0 515 

9300 

6850 

1780 

0 1 

0 794 

i 

8050 

4090 

5200 


G Wied emann showed that the first effect of a change of temp on the magnetism 
of iron and steel is not reversible With residual magnetism, a cyclic process of 
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heating and cooling, or of cooling and heating, reduces the magnetism Observations 
mthis direction were made by H I Wild, M Mauritius, 0 Claus, 0 Unverdorben, 
0 Claude, A T Kupffer, G Polom, J M Gaugam, F G A Berson, C Baur, and 
L Fave According to J A Ewmg, if the magnetizing force of iron is maintained 
during a cyclic process of heating and cooling, or of cooling and heating, there is 
an increase of magnetism In both cases, in general, after many repetitions of the 
changes of temp , the change of magnetism becomes cyclic In the earliest stages 
there appears to be, as J A Ewmg expresses it, a progressive shaking m of magnetism 
if that is induced, and a progressive shaking out of magnetism if that is residual 
The phenomenon is often conspicuous m the first cycle, and it can often be traced 
m the second or even later cycles By repeating the cycle of temp changes often 
enough, these progressive changes disappear, and the effects of heatmg and coolmg — 
magnetizing force constant — are reversible J A Ewmg found that no hysteresis 
occurred m the changes which were observed with moderate variations of temp , 
but when the range of temp includes the critical region where magnetization 
disappears on heating and reappears on coolmg, a marked hysteresis occurs The 
disappearance and reappearance of magnetization connected with aj8 change do 
not occur at the same temp This is particularly the case with the alloy steels 
(q v ) observed by J Hopkmson, and others D K Morris found that the hysteresis 
of the BH- curve becomes enormously reduced as the temp approaches the chief 
critical point, and the hysteresis tends to disappear Thus, with a sample of iron 
annealed at 1150°, with cycles of magnetization between the limits I? =4550, the 
h} steresis losses, m ergs per cm cube per cycle, were 

18 137 o 249 352 4o7° 634 695 764 5° 

Hysteresis loss 613 555 508 475 379 264 178 81 

In addition to the changes just indicated, heatmg produces a slow deterioration 
m the magnetic properties, reducing the permeability, and raismg the hysteresis 
The action is very slow at comparatively low temp The heat generated in a 
transformer by currents in the coils, and by hysteresis in the core makes the temp 
in the transformer higher than thai; of its surround i ngs, and thus reduces the 
efficiency of transformers G W Partridge studied the effects , and J A Ewmg 
found that the results are not due to the repeated reversals of magnetism , nor are 
they due to a kind of fatigue produced by repeated reversals of mechamcal strain 
W M Mordey observed that the increased hysteresis is solely due to the prolonged 
heatmg , and S R Roget confirmed this by observations on the effect of prolonged 
exposure at temp between 50° and 700° A few weeks’ exposure at 50° produces 
an appreciable effect in raismg the hysteresis, and lowermg the permeability 
K Daeves found the losses m dynamo and transformer sheets increase regularly 
by 0 1 watt-kgrm for every 0 04 per cent of carbon for steels with 0 04 to 0 11 
per cent of carbon As silicon nses from 3 7 to 4 2 per cent , the loss diminishes 
by 0 05 watt-kgrm for every 0 04 per cent of silicon, but increases slightly with 
higher proportions of silicon Phosphorus up to 0 02 per cent slightly increases 
the loss, but beyond that pomt there is an improvement Manganese between 
0 05 and 0 3 per cent has no perceptible influence 

According to E M Tern, the temp of transformation from the ferromagnetic 
to the paramagnetic state is near 785°, which is m agreement with the data for the 
transition temp of a- to j3 iron [q v ) J Hopkmson gave 786° for soft iron with 
0 01 per cent of carbon , 734° tor mild steel with 0 126 per cent of carbon , and 
695° for hard steel with 0 962 per cent of carbon D K Moms gave 780° for a 
sample with 0 08 per cent of carbon , R Ruer and F Goerens gave 769 , E Gum- 
lich, 765° , T Ishiwara, 780° , P Weiss and G Foex, 775° , while for cementite, 
K Honda and H Takagi gave 215° for temp of magnetic transformation The 
magnetic transformation of the iron-carbon alloys were studied by G Rurnelm 
andR Maire 

Reverting to P Curie’s law that the magnetic susceptibility varies inversely 
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as the absolute temp , xI=constant, P Weiss obtained a relation between the 
intensity of magnetization, and inferred that in the temp immediately above that 
of the magnetic transformation, Curie’s point, the susceptibility should be inversely 
proportional to the excess of temp above the transformation pomt P Weiss 
and H K Onnes calculated values for the magnetic moment per gram-atom, 
which P Weiss called the gram magneton , and this magnitude, when divided by 
Avogadro’s number, gives the moment of what he regarded as the ultimate magnetic 
corpuscle which he called the magneton The magneton is supposed to play a 
role in magnetism, like that played by the electron for electricity The number 
of magnetons per molecule is related to Curie’s constant in a simple manner From 
the results of P Pascal, P Weiss and G Foex, 0 Liebknecht and A P Wills, and 
E Feytis, it was found that the calculated number of magnetons per molecule rarely 
depart by more than 1 or 2 per cent from the integral values required by the 
theory The subject was studied by J Run z, B Cabrera, W W Stifler, etc 
K Honda and co workers, however, found that Curie’s law is not general, and conse 
quently P Weiss’ magnetism is open to question H K Onnes and co-workers 
found that the relation constant is in some cases valid down to the temp 
of liquid nitrogen, and below this temp , the constant continually decreases in 
value In some cases, the constant decreases continuously from room temp 
downwards, so that the relation y(Z+S)— constant holds down to the temp of 
liquid nitrogen, but not at lower temp Again, the susceptibility may change little 
with temp , and between the temp of liquid nitrogen and liquid hydrogen, is 
almost independent of temp 

E M Terry found that the magnetic susceptibility of electrolytic j8 iron, between 
780° and 920°, follows Curie’s law only approximately, because the curve showmg 
the relation between the reciprocal of the susceptibility and temp is not a straight 
line, but concave upwards Curie’s law is not even approximately obeyed m the 
y-region, for there is an interval of nearly 500° throughout which the suscepti 
bility remains almost constant At 1407°, there is an abrupt mcrease as y-iron 
passes into the S form Throughout the S region, up to the m p , 1530°, the suscepti 
bility decreases almost linearly with temp , the susceptibility shows a marked 
decrease on melting, so that the molten iron has values approximately corresponding 
to an extension of the curve for y-iron The susceptibility curve for iron passmg 
through the A s -arrest shows a marked hysteresis with the A 3 arrest The steepest 
part of the curve occurs at 918° on a rising and at 903° on a f allin g temp No real 
hysteresis was observed with the latter, but the return to y-iron on the coolmg curve 
is gradual, not abrupt Observations on the Curie pomt were also made by 
T Ishiwara, P Weiss and G Foex, K Renger, D Radovanovitch, K E Guthe, 
P Curie, R H Fowler and P Kapitza, R Forrer, and W Schmidt As indicated 
above, the Curie point of cementite corresponds with the A 0 -arrest, at about 220° 
K Honda and H Endo found the magnetic susceptibility, x> of cementite to be 

800 900 1000 1100 

X 24 3x10-* 24 Ox 10~ 6 23 7x10-* 23 5x10-* 

According to K Renger, the effect of field strength, H gauss, on the transformation 
pomt, 0, is represented by 0=757+0 14 VH, 

R 0 1,438 2,903 5,095 8,144 10 430 11,930 

e 757° 762 0° 764 5° 707 0° 770 0° 7715° 772 6° 

C Benedicks gave the results indicated in Table XLVI for the effect of chemical 
composition and heat-treatment on the magnetic properties of steels C Benedicks 
represented the effect of carbon on the intensity of magnetization, /, when EG 
denotes the carbon value as m the case of the electrical resistance (g v ), by 

■^max =1000 V5 23— (27C+0 59)2-710 

B Gumlicli t> results lor the effect of carbon on the coercive force, megs units, 



IRON 


273 



are summarized m Fig 308, and S Curie s curve for the effect of carbon on the 
remanence or retentmty of steel is shown on the same diagram A W Smith 
and co workers found the minimum reluctance, the reciprocal of the maximum 
permeability is a lmear function of the carbon-content to 0 8 per cent for hardened 
steels, and for annealed steels it is somewhat greater E Maurer and K Schroeter 
proposed estimatmg the austenitic content of hardened steel from the magnetic 
saturation capacity The observations of the effect of the tempering temp by 
J H Andrew and co workers are summarized m Table XLVI A W Smith and 
co workers observed that the minimum reluctivity, i e the reciprocal of the maximum 


permeability, is a lmear function 

of the carbon content up to 0 8 /ip — | i.j I I I 1 11 1 I TH 

per cent for hardened steels, and | [n | 

for annealed steels the rate of in- ^ 0 | 

crease is rather greater, and for g 5 

annealed chromium steels, the ^ 

value is a maximum at about °o ot 04 06 08 7 012 14 16 / L 

0 5 and a minimum at about 0 8 ft _ ^ x m 

_ , , AjxJbic H)b — lhe Effect of Caibon on the Coeu rve 

per cent carbon According to x Force of Steel 

W L Chene}, the tempering of 

hardened iron carbon alio} s between 200° and 250° causes 1 r ipiu rise 111 the 
induction, which becomes less marked with increasing temp , e\entuall\ reaching 1 
maximum and then decreasing At the same time marked changes take place 111 
the coercive force, especially for tempering temp between 200° and 300 , when the 
greatest decrease occurs, and at 470°, where there is a sharp increase In some 
cases two values are obtained for the saturation intensity of magnetization , this 
is shown by microscopical examination to be due to the presence of two constituents 
in the material The maximum permeability of certain allo\ s show s gic it dmei enc es 
as compared with small differences m other properties, due to changes in the si com 
ktage of the process of magnetization In the annealed illo}s the ^teepntss o 
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the magnetization curves and the maximum permeability vary with the carbon 
content The intensity of magnetization has a double value for all carbon per 
centages below 1 5 per cent and a triple value for the 1 55 per cent carbon ahoy, 
and decreases with the carbon content As a result of the investigation it is shown 
that any slight changes of structure produced by heat treatment cause marked 
changes m the magnetic properties of iron carbon allots P Weiss and R Forrer 
discussed the magnetic properties of cementite M Nakamura studied the effect 
of carbon and silicon on the magnetic properties of electric steel, and found that 
the permeability is increased as the proportion of carbon decreases If the deereas( 
is too great, the deoxidation of the steel is incomplete, and the permeability is 
decreased With less than 0 12 per cent carbon, the permeability is usually low 
Silicon increases the permeability up to a certain limit dependent on the proportions 
of carbon and manganese, and it acts in virtue of its deoxidizing qualities The 
permeability increases as the proportion of manganese decreases up to a certain 
limit, beyond which it becomes smaller 

0 \ on Auwers, T D Yensen, and G J Sizoo observed that with increasing 
gram size, the coercive force, and by steresis decrease, and the maximum permea 
bihty increases The effect is also marked with the remanence The relations 
between the magnetic properties and hardness have been the subject of mvestiga 
tions by J Lamont, C Ruths, J M Gaugain, C Fromme, C Baur, A von Walten- 
hofen, T Gray, A Righi, W Metcalf, R Pictet, etc , and the specific effects of the 
carburization of iron, by C A Coulomb, P Barlow, J Muller, H Meyer, J Jamm, 
A von Walthofen, A R S Treve, A R S Treve and L Durassier, C R Underhill, 
L Holborn, W Negbaur, J Hopkmson, K Zickler, J A Ewing and W Low, 
J C Poggendorff, R Pictet, G B Airy, L M Cheesman, W Beetz, A L Holz, 
G Ascoli, J Trowbridge, G Polom, W Metcalf, A Righi, and C Barns and 
V Strouhal T Matsushita and K Nagasawa found a maximum at about 400° 
T Matsushita measured the magnetic hardness or coercive force of quenched steels 

V S Messkin discussed the effect of cold-work on the magnetic properties of 
steel , and E Gumlich and E Yolhardt, the influence of rolling on the magnetic 
properties According to Y S Messkin, the remanence of a plain carbon steel with 
0 78 per cent of carbon decreases considerably with light rolling, but mcreases 
agam with heavier rolling , the maximum permeability changes similarly, but with 
a greater reduction than 30 per cent it decreases agam The coercive force increases 
steadily during rolling, and attains about double its original value when the thick- 
ness has been reduced about 80 8 per cent , with subsequent annealing, the 
coercive force decreases rapidly with nse of temp up to 450°, and thereafter more 
slowly The maximum remanence is obtained after annealing at 600°, and it is 
greater than before rolling The cold deformation of steel produces on the magnetic 
qualities an effect similar to that obtained by quenching P Goerens studied the 
effect of heat-treatment on the remanence and permeability , and on the coercive 
force and hysteresis loss in ergs per cm cube , and also on the effect of cold work 
on the m a ximum permeability and coercive force of steels According to E Maurer, 
there is no perceptible difference m the magnetic properties of steels worked cold 
and at a blue-heat 

C S leh found that in the range of press up to 12,000 kgrms per sq cm , 
the change of magnetization with a constant field, H , is lmear With a field range 
of 0 to 100 gauss, the press coeff of magnetization per unit vol is negative for 
iron The perceptible change of magnetization has a maximum of — 5 5 per cent 
per 1000 kgrms per sq cm for H=1 2 The percentage change decreases rapidly 
on both sides of the maximum, and approaches the axis asymptotically for large 
values of H 

The observed press coeff for slightly carbonized iron are 

U 0 26 0 52 0 78 0 93 1 30 1 82 4 69 52 0 

^ (n 244 1048 1915 2800 5480 7050 11200 18 760 

<*£/£* -1 30 -1 88 -2 66 -2 38 -1 89 -146 —0 73 -0 01 


* 
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For purified iron, the temp and press coeff are 


H 


0 43 

0 86 1 30 

1 73 

2 16 

4 32 

Temp coeff 

(p = 0 

+0 147 

+0 232 +0 263 +0 126 

-r-0 072 



\p=7050 +0 177 

+0 247 +0 264 +0 135 

+0 79 

— 

Press coeff 

|25° 

-3 25 

-4 80 —5 51 

-4 36 

-3 14 

-120 

1100° 

-0 99 

-3 69 -5 39 

3 70 

-2 61 

-1 23 

The results for iron n ith 0 10 pei cent of carbon are 




H 


0 57 

1 70 2 83 4 53 

11 32 

22 64 

33 96 

B 


300 

1920 4870 7640 

12 210 

15 000 

16 170 

dB/Bo 


- 0 57 - 

-159 -1 52 -1 06 

-0 58 

-025 

-0 10 

The results for iron 

w]th 0 30 per cent of carbon are 




H 


0 69 

1 24 14 8 1 98 

2 96 

3 96 

4 94 

B 


263 

614 851 1588 

3610 

5510 

7090 

dB/B 0 


-1 66 - 

-1 80 -1 88 -2 05 

-2 36 

-2 02 

-1 70 


The percentage change of magnetization is thus very sensitrv e to the proportion of 
carbon present The absolute value of the press coeff of magnetization per unit 
vol is less at a higher temp The retentivity of iron decreases under press 
Observations were also made by H Nagaoka and K Honda, and F C Fnsbie 
About 1847, C Matteucci noticed an increase in the magnetism of an iron bar 
when it is pulled lengthwise , G Wertkeim confirmed this , and E Yillari observed 
that the character of this effect is reversed if the magnetization is strong enough 
As a result, the effect of pull is to mcrease the magnetism of a weakly magnetized 
bar, and to reduce the magnetism of a strongly magnetized bar The phenomenon is 
now called the Vlllan reversal, and it was rediscovered by Lord Kelvin about 1878 
If the relation between tl e mtensity of magnetization and the magnetizing force 
when no pull is applied, and agam 
when the rod is under tension be 
plotted, Fig 309, there will be a pomt 
where the two curves intersect This 
pomt is called Villan’s critical point 
It corresponds with the field-strength 
at which the pull does not affect the 
mtensity of magnetization The sub- 
ject was investigated by J A Ewing, 
who found that the effects of stress 
are, m general, much greater with 
metal hardened by mechanical work 
than with soft, annealed iron Each 
curve, Fig 309, for annealed iron lies 
at first higher and then lower than 
the curve for any greater load, corre- 
sponding with the fact that the pre- 
sence of a load is favourable to mag- 
netization when the intensity of magnetization is small, but unfa\ ourablt when 
it is great A p ullin g load is unfavourable to residual magnetism left after a strong 
field has been applied, though it is favourable to the residual magnetism left after 
magnetization by a weak field The influence of pull on residual magnetism is 
of the same kind <as its influ ence on mduced magnetism, showing the large effect 
which a moderate pull has in augmenting the susceptibility with respect to feeble 
magnetizing forces, and when the state approaches saturation, the presence of 
load is unfavourable to magnetization Even with the weakest fields, the 
susceptibility is increased only when the load is moderate Too great a load is 
prejudicial whether the magnetization be weak or strong The upper lines of 
abscissae, Fig 309, refer to the upper three curves, and the lower abscissae to the 
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lower three curves J B Seth and co-workers followed the change in the intensity 
magnetization produced by stretching an iron wire m a weak magnetic field The 
subject was studied by H Tomlinson 

When the magnetizing force is kept constant, and the longitudinal pull is varied, 
the changes which occur m the intensity of magnetization are, m general, similar 
to those indicated m Fig 309, but they are complicated by hysteresis effects The 
initial effects of applying stress resemble those produced by vibration even though 

no vibration occurs during the loading, and they do 
not disappear when the stress is removed Starting 
from a , Fig 310, J A Ewmg showed that a wire 
hardened by stretching, demagnetized, and exposed 
to a magnetizing force of 0 34 c g s units has very 
little magnetization The effects of applying and 
removing the load are illustrated by the dotted curve 
abc , but when the load is applied and removed a 
second time, the magnetic changes become nearly 
cyclic, as shown by the continuous lines m the same 
diagram This shows that m the first loading, there 
is a progressive increase of magnetization superposed 
on a cyclic effect If a stronger field is applied, the effects of the first loading 
are increased enormously, and after that, the magnetic changes are nearly cyclic 
The effect of loading and unloading progressively decreases the residual magne 
tization and the cyclic changes are of the same general type as those which occur 
when the magnetization is excited by an external field The subject was discussed 
by A Heydweiller, L Fraichet, K Honda and S Shimizu, H Nagaoka and 
K Honda, and C Ghree 

The hysteresis effects of magnetism with changes of load do not depend on the 
rate at which the load is applied, nor on the interval of time which elapses before 
the observations are made After the condition obtained by the application of a 
load is reached, the magnetization does not appreciably alter The effects of 
h) steresis disappear almost entirely when the test piece is exposed to mechanical 
vibration or tappmg during or after the changes of load The repetition of loading 
with annealed iron produces a cyclic state m which there is less total magnetism 
than is the case with the hardened metal , a light loadmg will produce an mcrease, 
and unloading a decrease, of magnetism , with moderately heavy loads, these 
effects are reversed 

The stress strain diagrams, previously considered, show the existence of reversible 
and irreversible molecular changes during the loading and unloading of an iron wire , 
the thermoelectric properties of iron under the influence of variations of pull, 
also show the existence of analogous molecular changes , while the loadmg and 
unloading of iron, within the elastic limit, before beginning magnetization, also 
affects the magnetic susceptibility, owing to the irreversible changes m the onenta 
tion of the molecules These residual effects of past loads on the magnetic suscepti 
bdity exhibit hysteresis with regard to the loads which cause them , and the residual 
effects may be annulled by subjecting the piece to magnetization by reversals, and 
by tappmg the piece smartl} so as to cause vibration For instance, J A Ewmg 
found that if a magnetization curve be taken with iron wire subjected to a pull 
of 3 kgrms , and if, after complete demagnetization, the load be raised to 4 kgrms , 
and 1 kilogram be removed, and a second magnetization curve be taken, the two 
curves will be different in spite of the fact that the wire may have been previously 
subjected to many times that amount of load, so that it appeared to be mechanically 
m a stable state 

C Matfceucci showed that when a rod of soft iron, exposed to a longitudinal 
magnetizing force, is twisted, its magnetism is reduced by torsion m either direction 
Die subject was examined by M Choron G Wertheim, E Becquerel, C A Coulomb, 
H Geraien, H Tomlinson, A Banti, F Braun, L Zehnder, A Campetti, C Barus, 
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K Schreber, F J Smith, H Nagaoka, H Nagaoka and K Honda, H Bouasse 
and A Berthier, W Brown, J E Pellet, E Warburg, S Meyer, 6 Wiedemann, 
and Lord Kelvin As with the effects of all stresses, there is an initial, irre- 
versible effect which is revealed when the cycle of strain is repeated This 
initial effect depends on the past history of the metal, but m soft iron the cyclic 
effect is such that twisting to either side re- 
duces the induced magnetization, and un- 
twisting increases it Lord Kel\in found 
that the changes of magnetization under 
these conditions exhibit hysteresis The 
changes in the magnetism induced m an 
iron wire bv a constant magnetic field, as 
one end of the wire is twisted to and fro, 
while the other end is held fixed, ultimately 
assume the general form of Fig 311 If the 
effects of hysteresis were eliminated by vibra 
tion, a single parabolic curve would appear with its vertex at the top of the 
diagram Accordingly, m the absence of hysteresis, the influence of torsion m 
reducing the induced magnetism is indefinitely small for small angles of twist, and 
at first increases m proportion to the square of the twist 

Lord Kelvin showed that what he called an aelotropic quality is de\ eloped in 
the magnetic susceptibihtv of iron, for if the metal is subjected to longitudinal 
or transverse pull or push, the susceptibility will be greater along than it is auoss 
the lines of pull, or the susceptibility will be less along than it is acioss the lines ot 
push, provided the magnetization is not strong enough to pass Villans critical 
point In a torsional strain, each portion of the twisted rod suffers a simple shearing 
stress which is made up of a pulling stress m a direction inclined at 45° to the 
direction of length, and an equal pushing stress inclined at 45° and at right-angles 
to the pulling stress This produces a kmd of helical magnetization m which there 
is a circular component superposed on the original longitudinal magnetization 
The lines of magnetization no longer coincide m direction with the lines of magnetic 
force The effect of a small angle of torsion on the longitudinal component of 
magnetization is small, but as the angle of torsion increases, the growth of the 
circular component reduces the longitudinal magnetization, fur magnetization m 
one direction lessens the magnetization in other directions The influence ot 
magnetic aelotropy is alway s present with torsional stresses, although the effec ts 
may be masked by other influences -e g hysteresis 

As shown!)} G Wiedemann, md Lord Kelvin, longitudmil magnetization ma> 
be produced by twisting a circularly magnetized wire , md G Wiedemann, md 
0 G Knott observed that if an iron wire be circularly and longitudinally magne 
tized, it becomes torsionally strained or twisted although no external mechanical 
force has been emploved J A Ewmg, D E Hughes, L Zehnder, and H Nagaoka 
found that there is a sudden development of circular magnetization when a longi- 
tudinally magnetized rod is suddenly twisted, or when a longitudinal magnetizing 
force is suddenly applied to a rod held in a state of torsion The joint effects of 
pull and torsion were studied by H Nagaoka, L Zehnder, C G Knott, etc The 
effect of magnetization on the bending of iron and steel was discussed by G Wertheun, 
and C M Guillemin 

J P Joule said that the total volume of an iron rod is not altered by magnetiza- 
tion, and the subject was studied by G Wertheun, H Buff, H Nagaoka, H Nagaoka 
and E T Jones, E T Jones, H Nagaoka and K Honda, K Honda and K Kido, 
K Honda and S Shimizu, S Shimizu and T Tanakadate, I Kruckenberg 
P McCorkle, L W McKechan and co workers, J Orland, J Orland and P del Pulgar, 
P E Shaw and S C Laws, C Benedicks, F C Powell, J H Handley, J R Hobble, 
S R Williams, S R Williams and 0 Koppius, A Schul/e, A Esau, G Dietsch 
and W Fncke, W N Bond, T Ha\asi, M Kersten, P Kapitza, P Asteroth, 



Fig 311 — The Effect of Twist on 
the Magnetism of Iron 
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L M Austin, L W Austin and K Guthe, W L Webster, W Brown, R A Houstoun, 
M Cantone, C W Burrows, G Kirchhoff, H von Helmholtz, S Sano, I Kolacek, 

S J Lochner, A He> dweiller, R Gans, H Rensmg, L W McKeehan, C W Heaps, 

C G Knott, A de la Rrve, W Beetz, A M Mayer, W F Barrett, A Righi, 

C Chree, B Rosing, A Berget, A Bock,P I Bachmetjeff,L T More, A Schulze, 
B B Brackett, J S Ste\ ens, E Rhoads, G A Shakespear, C Barus, E van Aubel, 
DOS Davies, L Tien, and J C McLennan 

It w ill be observed that m the Joule effect, when a magnetic (or ferromagnetic) 
field is produced along a ferromagnetic bar, the bar is lengthened or shortened m 
the direction of the field, according to the nature of the metal and the intensity of 
the induction , and conversely, a lengthening or shortening of the bar produces 
a \ anation m the intensity of the longitudinal magnetization In Wiedemann’s 
effect, a longitudinally magnetized, ferromagnetic bar is twisted when an electric 
current, which creates a transverse magnetic field, is passed along it , and con 
versely, m the Matteucci effect, when a longitudinally magnetized bar is twisted, 
an e m f is produced along the bar 

C G Knott, and S Bidwell found that the transverse contraction exceeds 
the longitudinal expansion, so that the total volume is reduced, Sv — magneto- 
striction — thus, for tubes with #= 50,125, and 250 cgs units, the respective 
values of SvXlO 7 were —5 9, —12 3, and —13 0 If the total volume is reduced 
b} magnetization, the specific gravity will be increased K Honda and K Kido 
found an expansion for the magnetostricton of iron with # over 370, and a 
contraction for smaller values of H, thus 

H 23 0 77 2 125 1 193 9 273 8 371 9 571 6 

UjlY 10* 1 70 3 03 2 54 1 77 0 68 -0 42 -168 

The phenomenon was also studied by C G Knott and A Shand, W F Barrett, 
A M Mayer, E Piazzoli, A Schulze, A S Kimball, A Wassmuth, W Fncke, 
R Gans and J von Harlem, and G Hoffmann K Honda and S Shimizu's 
observations for the change m length Sljlx 10™ 6 with variations of temp are 
illustrated by Fig 312 A Schulze’s results on the change m length of different 
kinds of iron and different heat-treatments are summarized m Fig 313 



Fxc 312 — The 1 ffeet of Temperature Fig- 313 — The Effect of Punty and Heat 
on the Magnetostriction of Iron treatment on the Magnetostriction of Iron 

K Honda and T Terada found the magnetostriction, or change of length 
with magnetization, 81/1 x KM, with a tension of 1627 grins per sq mm , in- 
creases from —0 22 to 1 80 as H mcreases from 3 8 to 35 3, and it then decreases 
to —4 34 as # rises to 384 , and with a tension of 5538 grms per sq mm , the change 
m length Sljlx 10 6 decreases from —0 06 with #=3 2 to —6 58 with 27=380 
The change of elasticity, SEjE X 10 2 , is small, and with a load of 1627 grms per 
sq mm , it gradually mcreases with the field from 0 9 to 1 7 as # changes from 
10 to 100, and it then falls to 1 4 as # changes to 350 , while with a load of 4754 
grms per sq mm , it changes from 0 4 to 0 8 as # changes from 10 to 350 The 
change m the coeff of rigidity SKjK x 10 2 with a load of 3113 grms per sq mm is 
represented by —0 03 for #=24 5 0 40 for #=146 2 , and 0 25 for #=385 
The change in Poisson s ratio, 8cr/cr X 10 2 , is such that it passes from —2 2 for #=10 
to — 10 2 for #=350, when the load is 3270 grms per sq mm The change of 
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magnetization with, longitudinal loading and SI C with, cyclic loading for loids 
m tension T grms per sq mm , is 


T 

1562 

3086 

4648 

6211 

7777 grms per sq min 

a— l 2o/ V. 

68 

23 2 

56 8 

100 9 

146 3 

n L 

09 

1 9 

32 

4 5 

69 

27=366 6 Jft 

- 27 

-5 1 

-80 

-10 b 

-133 


K Honda and T Terada also found that with a constant tension the magnetization 
increases rapidly m low fields and gradually approaches saturation The\ also 
examined the effect with a constant twist, and with a combined twist and tension 
on the magnetization In all cases the reciprocal nature of the changes of strains 
by magnetization and of the changes of magnetization by strain were established 
For instance, magnetic elongation under constant tension and of magnetization 
under constant tension , of elongation by tension under a constant field, and the 
change of magnetization by tension under a constant field , of magnetic twisting 
under a constant couple, and magnetization under a constant twist , and of the 
change of rigidity under a constant field , and the change of magnetization by 
twist under a constant field J B Seth and co-workers studied the effect of 
stretching on the intensity of magnetization of single cry stals of iron J S Rankm 
found that high carbon steels show a smaller magnetostriction than soft carbon 
steels, but that the effect of hardenmg a steel by tensile overstrain increases the 
magnetostriction, though this change m extension does not depend simply on the 
amount of tensile extension It is assumed, m agreement with W L Webstei, 
that when a rod is overstrained, the axes of a large proportion of the constituent 
crystals veer into the direction of the longitudinal axes of the rod, and it is 
necessary only that a majority of the grams be so arranged to account for the 
increased magnetostriction For 7S ALuloff’s observations with single crystals, 
mde supra 

G W Pierce studied the effects which occur when a magnetized rod has super- 
posed on it an alternating axial magnetic field of a frequency m the neighbourhood 
of the natural mechanical frequency of the rod The rod when under the influence 
of magnetostriction can be made to act like quartz crystals under the influence 
of piezoelectricity If a ferromagnetic rod or tube is clamped so that it lies along 
the axis of a coil, the combination becomes an electrical vibrational instrument 
This phase of the subject was studied by K C Black 

The magnetostriction of smgle crystals of iron was observed by W Gerlach, 
E Dussler and W Gerlach, H Kornfeld, G S Mahajam, and 2T Akuloff 
K Honda and Y Mashiyama found that m the (lOO)-plane, taken m the direction 
of the tetragonal axes (100), the longitudinal effect of the magnetic expansion 
is positive for all magnetizing fields , it increases at first rapidly , and afterwards 
slowly The transverse effect is just the reverse of the longitudinal one As the 
mclmation of the direction of the tetragonal axis to the direction of the field 
mcreases, the longitudinal expansion m strong fields becomes less, and at an 
mclmation of 15°, the expansion field curve already shows an inconspicuous 
maximum at 200 gauss At an mclmation of 30°, the maximum is already attained 
at 80 gauss, and the decrease of expansion m stronger fields is considerable, the 
expansion changing into contraction at above 400 gauss At an inclination of 
45° (100), that is, m the direction of the digonal axis, onl\ a small expansion is 
observable below 120 gauss, above which a marked contraction is noticed The 
transverse effects are just the reverse of those of the longitudinal, except m the 
direction of 45°, in which a small initial contraction is not observable The longi 
tudmal effect of the magnetic expansion is maximum m the direction of the tetra 
gonal axes and minimum between them , the expansion-orientation curves are 
sinusoidal, havmg a period of 90° The amplitude of the curves increases with 
the field The transverse effect is just the reverse of the longitudinal, so that 
no further remarks are necessary 
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In the (110) plane, in the direction of the tetragonal axes, the longitudinal 
expansion is a maximum , m the direction of the digonal axes, a small maximum 
is found , and m the direction of the trigonal axis, a minimum is observable Thus 
the expansion orientation curves have a period of 180°, instead of 90° as m (100) 
plane The transverse effect m the same plane is just the rex erse of the longitudinal 
with respect to the onentation In the (lll)-plane, for three orientations, 0°, 15°, 
30°, of the crystal with respect to the magnetic field, the longitudinal effects are 
all similar , that is, as the field is increased, the magnetic expansion increases 
slowly at first and then rapidly, and after reachmg a maximum, it steadily decreases, 
till it changes into a contraction As the inclination increases from 0° to 30°, 
the expansion gradually mcreases, and, on the other hand, the contraction decreases 
The hrans\ erse effect is the reverse of the longitudinal above described 

Accordmg to N Akuloff and eo workers, if a single crystal of lion be mag 
netized up to an intensity 7, first in the direction of the principal axis, and next, 
to the same intensity, in any other direction, then the differences between the 
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changes m length, dl/l, of the crystal parallel to the directions of magnetization, 
are proportional to the differences between the corresponding changes of resistance, 
dR/R, and to the energy changes, cr h — or 0 , between corresponding magnetization 
curves m the 7T7-diagram, or a(dl/l)< t —(dl/l) 0 —b(dRIR) s —(dR/R) 0 =c(G & —a 0 ) The 
( r^stai lattice is supposed to be distorted by the rotation accompanying the change 
in the direction of magnetization away from the direction of easiest magnetization 

There is therefore a difference m length of unit rods 
1 T \~X~] parallel to the different crystal directions when com 

^ ~ P lete magnetization occurs When a cube of iron, 

^ ° " /] 011 an atomic scale, is completely devoid of magne- 

3 n tization, it becomes slightly distorted when it acquires 

S s its normal spontaneous magnetization It becomes 

^ yS longer along the cubic axis of magnetization than it 

A. does along the axes at right-angles Hence, con 

-tfL -Li LI J— -LI tinued W L Webster, demagnetized iron is con 

0 f d00 J ZOO 1600 sidered as a mosaic made up of asymmetucal small 
Intensify magnetization vokme& Wlth their direction of distortion distributed 

Tion of RTnglfcfvst° a t n of * qually alon 8 th « three cubic axes Ihe resultant 
iron dimensions of a cube of demagnetized iron will be 

symmetrical, but will be a complicated average be 
tween the two dimensions of the distorted magnetized cube When piagnetiz ition 
takes pi ice along i cubic axis there must be a longitudmil expansion, with a 
lateral contraction gradually increasing as the various volume curves become 
paiallel For the (llO)-direction, as magnetization proceeds there is at first i 
concentration of the axes of distortion of the many small volumes along the two 
cubic axes nearest the direction of magnetization There must therefore be an 
initial expansion continuing till the third axis has been completely abandoned 
Further increase of magnetic intensity can onl) be produced by deviation from 
the cubic axes, and the corresponding contraction is sufficiently large to over 
whelm the expansion due to increasing uniformity 

With the (111) axis, the three cubic directions are symmetrically disposed 
and there is no real increase in uniformity before the deviational distortion appears , 
consequently no initial expansion is observed It may be pointed out that the 
contraction should set m for all directions at a point corresponding to the bend 
in the IIH curve, a result with which the experiments are m reasonable agreement 
** Dorsey measured the magnetostriction of different carbon steels, and 
some of his results for the magnetostriction as a function of the field strength, H, 
axe smnmani^d in Fig 316, and as a function of the intensity of magnetization, 
i, m Jfigs 315 and 316 He showed that the maximum elongation decreases with 
the carbon-content up to 0 9 per cent carbon, and then increases , it may be 
represented by (8Z/Z X 108+C-4 2)(&/Zx 108-3 1C+2 13)=0, where C denotes the 
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percentage of carbon , and if K denotes the magnetic susceptibility (X+185C— 194) 
(A— 40C , +4)=0 Similarly, but not so definitely, the value of H at which 
the iron rods retract to their original length drops to a minimum value at about 
0 9 per cent carbon 8ljl is practically the same —1 4xlCM when #== 300 The 
rods were still contracting when 
the field strength attained 1600 , 
but for #=1500, the greater the 
carbon content, the less the con- 
traction The modulus of elas 
ticity decreases with the propor 
tion of carbon, or the amount of 
shortening m strong fields vanes 
directly as the modulus Slowly 
cooled steels have greater elonga 
tions and susceptibilities than 
when quenched There are acci 
dental exceptions for soft iron 
Magnetostriction depends on the 
previous history of the specimen 
The percentage elongation m the 
middle ot a 40 cm rod of soft iron 
is nearly thiee times as great as 
lor the entire lod The values 
also depend on the lengths of the rods used for observations It H Fovler and 
P Kapitza studied the relation between magnetostriction and the Curie point, 
and S R Williams, and S L Quimby , the theories of magnetostriction 

J Ooulson examined the effect of occluded hydrogen on the magnetization of 
iron, and found a drop of 5 to 19 per cent , and A Kussmann and H J Seemann, 
the effect of cold rolling The elasticity of iron and steel exercises but a feeble 
influence on the magnetization G Wertheim showed that if iron be exposed for 
a long time to a magnetizing force, the coeff of elasticity is reduced a little, and the 
reduction persists aftei the magnetizing force is withdrawn K Honda and 
T Tanaka found that the moduli of elasticity, E , and rigidity , K , of carbon steels 
ire mere ised by magnetization Thus, for iron alone 
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The rate of increase in weak fields is greater than in strong fields H Tomlinson 
studied the influence of magnetism on the internal friction and torsional elasticity 
of metals, and found (l) When the deformations produced by the oscillations are 
small, the internal friction of a torsionally vibrating wire of iron or steel is not 
affected by sustained longitudinal magnetization of moderate amount The 
internal friction is also not affected by the sustamed magnetization even when 
the latter is carried to the point of saturation, provided the magnetizing current, 
previously to experimenting, be reversed a great number of times When no 
previous reversals have been made the internal friction is slightly increased by 
intense magnetism (n) When the deformations produced by the oscillations 
are large the internal friction is very sensibly increased by sustained longitudinal 
magnetization of large amount (m) The torsional elasticity is entirely mdependent 
of any sustained longitudinally magnetizing stress which may be acting upon an 
iron or steel wire, provided the deformations produced by the torsional oscillations 
be small When the deformations are large, the number of oscillations executed 
m % given time is very slightly lessened by sustamed longitudinal magnetization 
of large amount (iv) When the magnetizing current is interrupted and, to a 
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greater extent, when it is reversed repeatedly whilst the wire is oscillating, the 
internal friction is increased, provided the magnetizing stress be of moderate 
amount The increase of internal friction may become very considerable when 
the magnetizing stress is great "When the number of interruptions or reversals 
m a given time of the magnetizing current exceeds a certain limit the effect on the 
internal friction begins to decline (v) When the deformations produced by the 
oscillations are small, the torsional elasticity is not affected by either repeatedly 
interrupted or reversed longitudinal magnetization even when the magnetizing 
stress is large (vi) There exists a limit of magnetic stress within which no per 
manent rotation whatever of the molecules is produced This limit may be widened 
b> previous repeated reversals of a large magnetizmg stress (vn) The passage 
of a moderate electric current, whether sustamed or interrupted, through a torsion 
ally vibrating wire of iron, steel, or nickel does not affect, except by heating, either 
the internal faction or the torsional elasticity, provided the deformations produced 
by the oscillations be small (vm) The effect of longitudinal magnetization, even 
when carried to the point of saturation, on the longitudinal oscillation of an iron 
or steel wire, is ml (ix) The passage of an electric current, whether sustained or 
interrupted, through a longitudinally oscillating wire of iron or steel does not, 
except by heating, affect the number of oscillations executed m a given time 
(x) When the deformations produced by the oscillations do not exceed a certain 
limit, the internal friction cannot apparently depend upon the permanent rotation 
ot the molecules about their axes When, howe\ er, the deformations exceed this 
limit, the internal friction becomes very sensibly larger, and does partly, if not 
mainly, depend upon the permanent rotation to-and fro of the molecules about 
their axes The limit can be widened by allowing the wire to rest after suspension 
with oscillations at intervals, by annealing, and by repeated heating and cooling 
According to A Esau and H Kortum, when ferromagnetic substances are vibrating 
under torsion, and simultaneously subjected to an alternating, longitudinal magnetic 
field, a maximum vibration occurs when the period of the field is less than the 
natural period of the system Y Kidani and R Sasaki found a minimum m the 
temp curve showing the tensile strength of magnetized steel, and there is also a 
change of temp in. the resistance to compression test as the metal passes from the 
elastic to the plastic state The lines of magnetic induction of the metal m the 
elastic state are increased during the tensile test, and decreased m the compression 
test , the magnetic mduction lines of the metal m the plastic state are decreased 
during both tests There is no appreciable change of magnetic mduction during 
the compression of a test piece having no initial permanent magnetization 
M F Fischer observed that the similarity of the magnetic changes accompanying 
repeated stresses and those produced by the removal of externally applied static 
stresses indicates that the observed changes may be due to the partial relief or 
redistribution of initially existing internal stresses C W Burrows, H Styn, 
C R Jones and G W Waggoner, and C W Waggoner studied the relation of the 
tensile stress to the magnetic properties of carbon-iron alloys K Tangle, 
J S Stevens and H G Dorse} , G Moreau, A Gray and A Wood, N J Gebert, 
R L Sanford, G Guzzoni and D Faggiam, L von Hamos and P A Thiessen, 
H Styri, E Giebe and E Blechschmidt, F Bitter, L Fraichet, C Chree, P Mishin 
andV Bazilevich discussed the relation between the mechanical and magnetic 
properties of steel, and A Kussmann adH J Wiester, the effect of a magnetic 
field on the ageing of hard steel 

B Wedensky and K Theodortschik found that the ma gnetic permeability of 
iron in weak fields of wave-length 54 to 705 metres is not constant There is a 
sharp maximum for A=100 lying between two min ima Obser > ations were also 
niado by W Arkadieff R G Loyarte gave for the relation between the frequency, 

of the Hertzian oscillations and die magnetic permeability 
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A Kussmann and B Scharnoff found tliat m solid soln , in which the mechanical 
hardness, electrical resistance, etc , are higher than with pure metals, the coercive 
force, or magnetic hardness is only slightly changed No direct connection between 
mechanical and magnetic hardness was observed In heterogeneous mixtures, 
the coercive force is much higher, independently of the mechanical hardness 
This is attributed to the tension set up by the contraction of the ferromagnetic 
material m the mixture E G Herbert, and H Esser and H Cornelius found 
that work-hardened metals are still further hardened by magnetic treatment , and 
the subject was studied by A Kussmann and H J Wiester, and Y Matuyama 
K S Seljegater and B A Rogers, W Jellmghaus, L W Wild, and K Hemdlhofer 
studied the magnetic testing of hardness The application of magnetic analysis 
to detect flaws, and the correct heat treatment was discussed by R L Sanford 
and co workers, P H Dudley, J A Mathews, E G Herbert, C W Burrows 
and F P Fahy, S R Williams, N J Gebert, C Nusbaum, R L Sanford, 
A Y de Forest, J Wurschmidt, W B Kouwenhoven, E Maurer and K Schroeter, 
and J S Hoffhine 

E Wartmann observed that magnetization had no influence on the sound 
figures produced by iron or steel plates C G Page observed that a sound may be 
produced m the magnetization of iron or steel rods The phenomenon was studied 
by M Delezenne, J P Marnan, C Matteucci, G Wertheim, H Buff, P I Bachmet- 
jeff, R M Ferguson, P Reiss, W Beatson, A de la Rive, and M Ader According 
to N Ruhmkorff, the hardness of the filings of magnetized iron is greater than is 
the case with non-magnetized iron , but W Rollmann could detect no difference 
M Treve stated that iron cast from the molten state m a magnetic field is finer 
grained than if cast m the ordinary way W F Barrett said that non which has 
solidified in the molten state m a magnetic field is harder and tougher than if cast 
m the ordinary way , but these statements have not been confirmed W Brown 
measured the subsidence of the torsional oscillations of iron wires when subjected 
to the influence of direct and alternating magnetic fields up to 800 c g s units 
He also measured the fatigue of iron wires when subjected to the influence of 
longitudinal and transverse alternating magnetic fields E Bauer discussed the 
relation between the magnetization and the dilation and compressibility K Honda 
and T Tanaka found that the elastic constants of steel are increased by 
magnetization 

G Barus could not obtain satisfactory evidence of the various effects of magnetic 
force by means of a static method of measurement, and he thus failed to verify 
H Tomlinson’s results obtained by a vibration method He showed that during 
the first phase of annealing, the effect of magnetization on the rigidity of steel 
is almost ml, but the effect becomes marked m the second phase of annealing If 
the wire be supposed to pass continuously from the hard to the soft state, the 
increase of the magnetic coeff of rigidity, /x, is particularly pronounced after the 
variations of the thermoelectric, the galvanic, and the viscous properties have 
practically subsided C Barus found for magnetized steel 
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R Seidek and A Pompe observed that the resistance of an iron wire to tensile 
stress is mcreased by the magnetization of the metal m a definite proportion to 
the increasing strain on the metal, and similarly reduced m an almost equal pro- 
portion as the strain is diminished Repeated straimngs of one and the same 
wire tend to produce in it a constant magnetic condition R Cazaud studied the 
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self magnetization of steels dining torsion Torsion produces a negative variation 
on the magnetic flux m mild steels containing less than 0 5 per cent of carbon, 
and a positix e variation with steels m which the carbon content exceeds 0 5 per 
cent With extra hard steels, cast steels, and some alloy steels of martensitic 
structure, the variation of flux with torsion is continuous Repeated torsions 
cause the steels to approach a state of magnetic saturation , and cold working 
tends to increase the variations produced m the magnetic flux of torsion 
S R Williams found that the permeability of cast iron rods is changed by tension, 
and concluded that J T Rood b observation to the opposite effect is wrong 
P 6 Maggi reported that the thermal conductivity of iron is altered by magneti 
zation According to H Tomlinson, the thermal conductivity of a bar of soft 
iron is diminished by temporary longitudinal magnetization, and increased by 
transverse magnetization, whilst m the case of steel of different degree of hardness, 
magnetization produces the same kind of effect The change with soft iron is at 
least 10 pei cent possibly more , v hilst the change for thermal and electrical 
conductivities is not very different A Naccari and M Bellati could detect no 
influence of magnetization on the thermal conductivity of iron but A Battelli, 
A Lafay, and E Fossati observed the alteration m this property with magnetiza 
I tion Indeed, D Korda said that thermal conductivity decreases along the lines 
of magnetic force and is unaffected across them- vide mpra , thermal conductivity 
H M Brown found that with a longitudinal magnetic field of 10,000 gauss, the 
iatio of the thermal conductivity, - 0 179 cal pet sq cm per degree — with no 
field, to the eonductivitvm the magnetic field is 0 9886 , and with tnnsxeise fields 
of 8000 and 4000 gauss, the ratios are, respectively, 1 000, and 0 99b P S Epstem 
studied the specific heat of ferromagnetic materials , T A Becker, the effect of 
magnetization on the absorption of X rays , J H J Poole, the effect on the 
photo electric properties , and E Reeger, the magneto photo phoresis of aerosols 
J R Ashworth discussed the relations between the magnetic and thermal constants 
B \ Hill found that the sp ht decreases with an increase m magnetic permeability 
N W Fischer thought magnetized iron to be a worse and J H Abraham i 
better electrical conductor than non magnetized iron Both observations were 
considered by K W Knochenhauer to be doubtful E Edlund observed that 
the electrical resistance of iron by temporary magnetization is increased m the 
direction of its magnetic axis by about 1 in 3000 W Beetz also found an increase 
m the resistance m the direction of the magnetic axis, but not with transverse 
magnetization W G Adams observed i decrease m the resistance of hard steel, 
ind in mciease with soft steel on magnetization Observations were made by Lord 
Kelvin, G de Lucchi, A Gray and E T Jones, G Barlow, J A Mathews, F Auer 
bach, E D Campbell, W Guertler, E Gumlich, N H Frank, A Garbasso, 
H Tomlinson, M Cantone, P Kapitza, W Meissner and H Scheffers, O Stern, 
O Stierstadt, D A Goldhammer, and H Herwig — mde supra , electrical resist- 
ance The relation between the electrical conductivity and ferromagnetism was 
discussed by J Dorfman and R Jaanus, and E D Campbell J R Ashworth 
discussed the relation between the thermal and magnetic properties of iron , and 
for the effects of polarized light on magnetized films of iron — mde supra , optical 
propectieB M de Broglie, T D Yensen, K T Compton and E A Trousdale, 
and A H Compton and 0 Rognley studied the action of X-rays on the supposed 
timate magnetic particle of iron, and concluded that the most minute crystal 
aggregations m solid iron are not oriented by a magnetic field , that the ultimate 
magnet cannot be a group of atoms like the chemical molecule , and that the 
mm as a unit cannot account for ferromagnetism J O Stearns tried unsuccess 
y to detect a change in the intensity of the X-ray beam reflected from a crystal 
***** radar the influence of a magnetic field , and he concluded that 
n w tt revo ^ vlrL 8 111 orbits within the atom cannot account for ferromagnetism 
v^VV Heap studied the effect of a transverse magnetic field on the electrical 
nee of iron The changes of resistance with longitudinal and transverse 
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magnetic fields was studied b) C G Knott L Grunmach observed an increase 
of resistance m fields up to 8000 gauss, beyond winch a decrease occurred 
G G Knott observed no initial increase He found that under the influence of 
longitudinal magnetization the electrical resistance of iron and steel is increased, 
but this increase is notably diminished when the longitudinal magnetizing force 
is superposed cyclically upon a steadily sustained transverse magnetization In 
the highest transverse fields used, the change of resistance due to the superposed 
longitudinal field was m most cases very small Under the influence of a trans 
verse magnetization the electrical resistance of iron and steel is diminished, and this 
diminution becomes markedly greater when the transverse field is superposed 
cyclically upon a steadily maintained longitudinal field In certain cases the 
change of resistance due to the transverse magnetizing force was more than doubled 
when this field was superposed upon the steaddy maintained longitudinal field 
The effects of magnetization on the resistance of single crystals of iron, observed 
by W L Webster, are indicated m Fig 317 In spite of the enormous change of 
length for the (lOO)-direction, there is practically no 

change of resistance There is also a parallelism 0 4 — j — 

Consequently the change of resistance is caused by Vf 

the distortion of some sort of electron lattice by the ^ 03 i j~ 

pulling away of the magnetic axes of the electrons 1? ^ ~j tjHf 

from their normal cubic direction, and a cube of ^ oz 

iron magnetized along, a cubic axis remains electncalh ^ , i H y^r! 

isotropic in spite of its magnetostnctive distortion 0 1 ~ T~ / 

These conclusions are borne out by the transverse 0 "1 
magneto resistance effect In this case there is a U 0 400 800 1200 IBOQ 
small change of resistance roughly proportional to fncensibf magnetization 
the applied field, which appears in all cases and is Fm 317 —The Effect of Mag 
probably of the same nature as the change occurring negation* on the Resistance 

m all metals, ferromagnetic or not There is, m ° f Smgle Crvstals of Iron 
addition, a change depending for sign and magnitude on the directions of the 
current and magnetic field This is the definitely crystalline effect, and it has the 
important property of vanishing whenever the magnetic field is parallel to a cubic 
axis — that is, whenever the magnetic condition of the iron is normal 

For N AkulofFs observations with smgle crystals, vide supia For the 
effect of a magnetic field on the electrode potential of iron, wde supra E M Pugh 
found that a break m the linear relations of the Hall effect comcides with the 


maximum permeability According to J Trowbridge, the magnetic permeabilit\ 
of iron wires exercises an important influence upon the decay of electrical oscil- 
lations of high frequency The influence is so great that the oscillations may be 
reduced to half an oscillation on a circuit of suitable self induction and capacity 
for producing them It is probable that the tmie of oscillation on iron wires may 
be changed Consequently, currents of high frequency, such as are produced m 
Leyden jar discharges, magnetize iron 

C Barus and V Strouhal observed that the thermoelect no forte, A, of the 
copper-iron couple is very slightly greater with magnetized iron , for non- 
magnetized iron, 0 0 3 1305(^~ 0 1 )-OO 6 2b2(^ 2 ~-d 2 1 ) , and for magnetized iron 

^=0 0 3 1 308(0— ^i)~ OO 6 261(02— The couple with magnetized and non- 

magnetized wire has a thermoelectric force of E=^0 O 6 37(0— O 8 15(0 2 — 0*^) 
H Tomlinson, W H Ross, C W Heaps, R Schaffert, S Seass, A Battelli, M Chas- 
sagny, and P I Bachmetjeff also made observations on this subject In 1856, 
Lord Kelvm (W Thomson) showed that a thermo couple consisting of magnetized 
and unmagnetized iron of the same hardness and form, furnishes an electric current 
in one case from unmagnetized to longitudinally magnetized iron through the hot 
junction, and m another from transversely magnetized to unmagnetized iron 
through the hot junction , consequently , also from transversely to longitudinally 
magnetized iron through the hot junction A Battelli observed an increased 
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Peltier effect with magnetized iron, but magnetization has no perceptible influence 
on the Thomson effect W K Mitiaeff found that the magnetic permeability of 
iron in a constant field of 600 gauss is reduced by electromagnetic waves of length 
55 to 114 metres — mie supra G A Carse and D Jack observed no difference m 
the electron emission from magnetized and unmagnetized iron 

According to H A Rowland and L Bell, they embedded two non rods in 
insulating material, so that the point of one and the side of the other were laid bare 
by removing the insulation, and placed the rods in a beaker between the poles of 
an electromagnet, and connected them with a galvanometer Then, when they are 
acted on by chemical reagents, no current is produced when perpendicular to the 
lines of force , and when parallel, a current is produced, the sharp pointed rod 
forming the negative element , soon afterwards reversal takes place The direction 
of the current is independent of that m the magnet Similar, but much weaker, 
effects are produced with nickel and cobalt The action is greatest with substances 
which, like mtnc acid, attack the iron without the evolution of hydrogen The 
reversal can be annulled by preventing motion m the liquid by means of gelatin or 
sand The e m f varies from 0 0001 to 0 02 volt The evolved hydrogen probably 
acts mechanically in reducmg the current The protection of the pointed end from 
the reagents is due to the increased energy required to remove the iron No 
differential action was observed with plane surfaces, but where a point occurs, 
some protection ensues, so that elevation mcreases in size 

P Weiss, and P Weiss and R Forrer gave 11 and 15 for the magnetic moment 
of a iron , and 14 for y-iron The subject was studied by N Akuloff, C J Gorter, 
P Weiss and G Foex, R W Roberts, E C Stoner, S J and L J H Barnett, 
R H Fowler and F C Powell, W J de Haas, O Laporte and A Sommerfeld, 
G Sadron, A Sommerfeld, P Weiss and co-workers, and A Wolf Basmg an 
argument on the supposed constitution of magnetic oxide of iron, F Gross 
assumed that iron has the constitution 


Fe 

Fe 


>Fe 


P Weiss, and L A Welo and O Baudisch measured the magnetic moments 
of iron salts , and S S Bhatnagar and co workers found that there is a slight 
increase m the paramagnetism when iron salts are adsorbed on charcoal, and when 
adsorbed on charcoal the salts are diamagnetic This is thought to favour the 
view that the adsorption is a process of chemical combmation J H van Vleck 
studied the susceptibility of the iron salts P Collet and F Birch discussed 
the paramagnetism of the iron in potassium ferricyamde , L A Welo, m 
Fe 8 (CH 3 COO) 6 (OH) 2 Cl R H Weber found the atomic magnetism of iron m 
iFe^SCy** and FeS0 4 to be respectively 0 01521 and 0 01276 The magnetic 
properties of various iron compounds were studied by L Cambi and co workers, 
G Foex, L 0 Jackson, and W Klemm and co-workers , the photo-magnetic 
effect of salts in soln , tfy D M Bose and P K Raha, and the magnetic 
properties m relation to the periodic law, by P Weiss 

W Sucksmith and L F Bates, and F Coetener and P Scherrer studied the 
gyromagnetic effect O W Richardson showed that if the magnetic properties of 
ferromagnetic substances are due to the rotation of electron orbits m the atom, 
a change in the magnetic moment, M s should be accompanied by a change m the 
angular momentum, 17, such that J7/AT=2m/e, where m and e are the mass and 
chaage of an electron respectively If K denotes the ratio VIM 2mle } then R 
^ theoretical value, for Z =0 503 Observations were 

Tt % °T> Da ^ a3 f ^ Pfaffenberger, A P ChattockandL F Bates, S J and 
zJLJa Barnett, A Serres, W Sucksmith, and J W Fisher F Ehrenhaft 
studied the magnetophoresis and the electrophoresis of iron 

Yensen observed that there is no evidence of any change in the crystal 
iron when subjected to a strong magnetic field, and hence it is probable 
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that the magneton is an atomic property The theory of ferromagnetism was 
discussed by N AkuIofE, H S Allen, J R Ashworth, 0 von Auwers and 

co workers, S J Barnett, W F Barrett and W Brown, B Bauer, R Becker 

and co workers, F Bitter, F Bloch, D M Bose, L Bnlloum, L Brumnghaus, 
B Cabrera, F W Constant, C 0 Darwin, J Dorfman and co workers, J A Rldndge, 
W B Ellwood, E Englert, P S Epstein, H Fahlenbrach, G F Fitzgerald, 

A V de Forest, R Forrer, R H Fowler and F 0 Fowell, J Frenkel, J Frenkel 

and J Dorfman, 0 E Fnvold, R Gans, W Gerlach, 0 Halpem, W Heisenberg, 
T Hirone and T Hikosaka, K Honda, E Howells, D R Inghs, J C Jackson, 
W Jager and W Meissner, P Jordan and V Fock, J Helen, K Kreielsheimer, 
J Kunz, 0 Laporte, G N Lewis, G H Livens, F H Lormg, R G Loyarte, 
H Ludloff and C Reymann, L W McKeehan and co-workers, G S Mahajam, 
E Merritt, A E Oxley, L Pmcherle, F C Powell, S L Quunby, F Regler, 
J C Slater, J H Smith, J C Stearns, E C Stoner, W Suchsmith, R Swinne, 
E Teller, E M Terry, N Tunazima, F Tyler, E Vogt, W L Webster, P Weiss, 
P Weiss and R Forrer, L A Welo, E H Williams, R L Wills, J F T Young, 
and F Zwicky 
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§ 23 The Chemical Properties of Iron 

According to G Tammann, 1 the effect of cold work on iron is to make the metal 
less noble, or more basic The lower limit of the temp of reactions between 
solids was found by G Tammann to correspond with the temp at which the 
space-lattice of a solid begms to change Fairly good agreement was observed 
for the beginning of the reaction between tungsten, molybdenum, copper, titanium, 
beryllium, phosphorus, manganese, aluminium, or silicon and iron, and iron nickel 
or iron-cobalt alloys The subiect was studied by E Scheil 

F Duran and C H Teckentrup found that the absorption of argon by 
electrolytic iron is purely adsorption F Fischer and F Schroter observed no 
evidence of combmation when iron is sparked beneath liquid argon V Kohl- 
schutter and R Muller mvestigated the spluttering of iron electrodes in 
gaseous argon , and Y Kohlschutter and co-workers, F Fischer and co-workers, 
B Walter, and J Stark discussed whether or not the phenomenon is due to the 
formation of an unstable endothermal compound Similarly also with helium. 
W A Tilden found that helium is less readily absorbed by iron than is the case 
with hydrogen A Sieverts and E Bergner found that argon and helium do not 
show a measurable solubility m solid iron at 1200° and 1400°, or in molten elec- 
trolytic non at 1500°, whilst W Ramsay and M W Travers detected no diffusion 
of argon or helium through iron The subject was studied by E Martin, and 
W Frankenburger and co-workers The gases occluded by meteoric irons are 
mamly the carbon oxides, nitrogen, methane, and hydrogen , though W Ramsay, 
and H D Campbell and J L Howe reported the presence of occluded argon and 
helium m meteoric iron F Paneth and W D Urry found that iron meteorites 
contam up to 36 15 X 10” 6 c c of helium per gram , and terrestrial iron, 1 05 X 10 -6 
c c per gram 

M Poljakoff 2 observed that when hydrogen at 3 to 5 mm press is passed 
over iron at 400° to 800°, no luminescence occurs, but if a small stream of oxygen 

or air is added to a pomt remote from the metal, a violet, gfeen, or yellow 

luminescence occurs The luminescence is not produced by a mixture of hydrogen 
and oxygen 

Iron readily absorbs or occludes gases, and it may take up ten to twenty times 
its own vol of gas when it is heated m a furnace, and the gas consists mainly of 
carbon monoxide and dioxide, mtrogen, and hydrogen The gases are given off 
when the metal is heated m vacuo A number of observations by (1) G Allemann 
and J Darlington, (2) G W Austin, (3) T Baker, (4) E Becker, (5) G Belloc, 
(6) 0 Boudouard, (7) L Cailletet, (8) G Charpy and S Bonnerot, (9) J W Donald- 
son, (10) P Goerens, (11) P Goerens and J Paquet, (12) E Goutal, (13) T Graham, 
(14) L Guillet, and R A Hadfield, (15) H M Howe, (16) R Hugues, 

(17) L Jordan and J R Eckman, (18) P A Klinger, (19) E Maurei, 

(20) P Oberhoffer and E Piwowarsky, (21) P Oberhoffer, E Piwowarsky, and 
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0 von Keil, (22) J Parry, (23) H M Ryder, (24) L Troost and P Hautefeuille, 
(25) A \ita, and (26) T Zyromsky are summarized m Table XLVII 

Other observations were made by E Ameen and H Wiliners J O Imold 
0 W Austin, L Baraduc Muller, P Bardenheuer and W Bottenberg O Bauer H Bes 
semer H Braune H le Chatelier and B Bogitch J E Fletcher R K Gratigny, 
G Guillemm and B Delachanal L L Hasse and H Shenck P L T Heroult, O Herting, 
W Hessenbruch B Hird, H M Howe G d Huart, D E Hughes R Hugues J E Hurst 
J E Johnsen W H Johnson, S Kern P A Klinger, F Korber and H Ploum 
J W Langley A Ledebur, G Lewkonja and W Baukloh, A G Lobley and C L Betts, 
A McCance, A Magnus and B Klar E von Maltitz E Maurer V S Meskin and 
Y M Margolm, A S de Osa, N Parravano and A Seortecci, N Parravano and 
0 R del Turco, E Piwowarshy E Piwowarsky and H Esser, H Ploum F Rapatz, 
W Rohn T E Rooney and G Barr, E H Schulz C J Smithells, T C Sutton and 
H R Ambler W A Wesley and co workers N A Ziegler etc are summarized m 
Tabie XLVII The effervescence and spitting of molten steels was discussed by 
H D Hibbard Observations on the absorption of hydrogen by iron and steel were made 
near the middle of last century by H St C Deville, E Fr4my, L Troost and P Hautefeuille 
H St C Deville and L Troost, L Cailletet and T Graham Later observations were made 
by A d Allmand, G P Baxter M le Blanc C F Burgess J Cournot J Grant 
W Hessenbruch, E Heyn G d Huart A Ledebur H Lee D J McNaughton E Martin, 
J H Meidmger E Muller and K Schwabe, B Neumann J Parry and A E Tucker 
N B Pilling F Rapatz, T W Richards and G E Behr, W C Roberts Austen, F Schmitz 
E H Schulz A Sieverts, H S Taylor and R M Bums M Thoma, A Villachon and 
G Chaudron H Wedding and T Fischer and J H Whiteley 

J Parry noticed that the solubility of hydrogen m iron increases with a rise of 
temp As a rule, the solubility of gases m water decreases with a rise of temp , 
whereas m the case of molten metals, the solubility increases In non aqueous 
solvents, there are often minima m the solubility curves, and even m the case of 
water there are indications that it behaves more like non-aqueous solvents when 
its temp is raised, and the complexity of its molecules — 1 9, 7 — is simplified 
If the effect of temp on the solubilitv of gases m molten metals is m accord with 
the principle of accommodation — 2 18, 4-— the solubility will increase with a rise 
of temp when the process of dissolution is endothermal, and it will decrease with 
a me of temp if the process is exothermal These deductions are quite independent 
of the mechanism of the process of dissolution 

According to T Graham, iron at a red-heat is capable of taking up and holding 
when cold 0 46 vol of hydrogen , and he added that it is difficult to impregnate 
malleable iron with more than one vol of hydrogen under atm press , but meteoric 
non from Lenarto contains three times that amount Hence he inferred that “ the 
meteorite has been extruded from a dense atmosphere of hydrogen gas, for which 
we must look beyond the light, cometary matter floating about within the limits 
of the solar system ” B Neumann and F Stremtz observed that iron can occlude 
9 3 to 19 17 times its vol of hydrogen , and L Troost and P Hautefeuille found 
that charcoal non heated for 48 hrs m hydrogen at 800° absorbed 0 7 vol of gas, 
whilst wrought iron absorbed 0 16 vol , and cast steel, 0 10 vol G P Baxter 
observed no occlusion of hydrogen by iron obtamed from the oxide by reducmg 
it m hydrogen , and E Heyn found that iron heated in hydrogen at 1000° absorbed 
0*16 vol of gas H Wedding and T Fischer found that a gram of grey pig-iron 
at 800° absorbed 0 0079 mgrm of hydrogen , iron from the converter, 0 0027 
mgim , basic ingot non, 0 0014 mgrm , open-hearth ingots, 0 033 to 0 043 mgrm , 
m^ot when dulled, 0 12 to 0 17 mgrm , wrought non, 0 0018 to 0 017 mgrm , 
electrodeposited non, 2 8 mgrm — twfe Table XLVII T C Sutton and 
" Ambler said that steel abruptly exposed to a high pressure and temp — € g 
when cordite is exploded m a steel \ essel — absorbs as much as 30 c c of gas per 
gi&m of metal, an amount which is larger than has been observed under other 
& ases ^ stained firmly below 600°, and are not all eliminated 

1 J^der reduced press The heat of absorption of the gas is estimated 
0 oe 075 cal pear c c of mixed gas W Frankenburger and co workers studied 
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the absorption of hydrogen by highly dispersed iron , and L Baraduc Muller, the 
absorption of gases bj liquid steel 

A Sieverts found that raising the temperature favours the absorption of hydrogen 
Iron Wire absorbs increasing amounts of hydrogen when it is heated m an atm of 
that gas from 400°, upwards , but on cooling, the absorbed gas is evolved Repre 
sentmg the amounts of hydrogen in mgrms of gas per 100 grms of iron, or m vols 
of hydrogen per unit vol of iron 


Mgrm 

Vol 


409 77 o 

0 035 0 201 

0 031 0 176 


827 
0 242 
0 211 


852 
0 264 
0 231 


930 
0 431 
0 377 


1136° 
0 632 
0 552 


1450 
1079 
0 943 


m p 
120 
105 


Solid 


in P 1650 
2 40 2 79 
2 10 2 44 

v / 

Liquid 


!^i 


C 


J5\ 


15 1 


1 I 


05 \ 


^ 3 


The results are plotted m Fig 318 There is a break in the curve corresponding 
with the a^y transformation , and there is a marked mcrease in the solubility 

of the gas as the metal passes from the 
solid to the liquid state of aggregation 
between 850° and 900° , but no singu- 
larity was observed about the A 2 -cntical 
point A Skrabal also noted that hydro 
gen dissolves more readily m y-iron than 
it does m a-iron G Tammann and 
J Schneider observed that after a iron 
has undergone the y transformation, it 
no longer absorbs hydrogen at 300° 
K Iwase observed that reduced itod 
absorbs hydrogen at different temp m 
accord with the solubility curves shown 
in Fig 319, and that the solubility, See 
of gas at n p 0 per 100 grms of metal, 
can be represented by the linear equations $=1 685+0 016(0—200) for a-iron , 
and $=13 445+0 1293(0—910) for y iron G Borelius, represented the solubility, 
$, of hydrogen in a-iron by S—ae l72 °l T , and m y-iron, by $=ae 192 °/ T , where a 
denotes a constant which vanes with the temp , but has nearly the same value 
for all metals at high temp H S Taylor and R M Burns, found that at 25°, 
one vol of metal absorbs 0 05 vol of hydrogen, and <0 05 vol at 110° and 218° , 
W A Dew and H S Taylor, that one gram of iron at 0°, 110°, 218°, and 305° 
absorbs respectively 0 0074, 0 0028, 0 0195, and 0 0116 c c of hydrogen Obser- 
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Fig 318 — The Solubility of Hydrogen 
m Iron at Different Temperatures 



Fig 319—' The Solubility of Fig 320 —The Solubility of 

Hydrogen m Iron Hydrogen in Cast Iron 

vations were made by E Martin, N I Nikitin, and A Sieverts and E Junch 
K Iwase found that the solubility of hydrogen in cast iron is smaller, the higher 
is the proportion of contained carbon The results with cast iron containing 3 5, 
4*0, and 4 3 per cent of carbon are shown in Fig 320 Steel also dissolves more 
hydrogen than does cast iron E Martin’s results agree better with those of 
A Sieverts than with those of K Iwase 0 J Alexander examined the effect of 
liquid air temp 

& Tammann and J Schneider s observations show that the metal hardened by 
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cold rolling absorbs hydrogen at 300° more rapidly and to a greater extent than 
does the soft metal, but the reverse obtains with electrolytic hydrogen The 
metal softened at 1100° absorbs electrolytic hydrogen much more rapidly than the 
hard metal The octahedral planes of the crystals of the metal absorb hydrogen 
the fastest 

W Healdj and W Frankenburger and K Mayrhofer studied the absorption of 
hydrogen by thin films of iron L Troost and P Hautefeuille showed that pyrophoric 
iron reduced from the oxide by hydrogen at a low temp , decomposed water slowly 
at ordinary temp , and rapidly at 100° , the decomposition is more rapid the finer 
is the state of subdivision of the metal The adsorbed hydrogen can be remo\ ed 
in vacuo without interfering with the pyrophoric character According to 
T W Richards and G E Behr, finely divided iron, obtained by reducing the oxide 
at a relatively low temp , 570°, has the power of absorbing hydrogen, but the potential 
of the metal is not appreciably affected thereby, unless the surface is fully charged 
with hydrogen when the potential is somewhat lowered When iron which has 
been heated m an atm of hydrogen or nitrogen is suddenly cooled by plunging it 
m water, it absorbs hydrogen from the water m a specially active form m virtue 
of which the potential is raised by about 0 15 volt This hydrogen is not readily 
removed when the iron is kept m water or m a soln of potassium sulphate, but it is 
rapidly expelled when the iron is placed m a soln of ferrous sulphate, and the 
potential returns to its normal value 

According to N I Nikitin, the gas dissolved by pyrophoric iron at — 185° repre- 
sents a true surface adsorption, because it can be completely pumped off at ordinary 
temp , and it is m accord with the adsorption equation a—kp Vn He found pyro- 
phoric iron is inert between —80° and 16° , and at higher temp it absorbs the gas 
m increasing quantities Pyrophoric iron reduced from the oxide at 515° to 525° 
absorbs v c c of hydrogen, reduced to n p 8 per 5 grms of metal when the press 
is p mm 

-185 380 ° 510 

* v , * * 

p 92 4 229 7 521 0 627 0 70 4 274 6 449 0 694 5 734 2 ram 

v 32 53 77 83 35 44 49 52 6 10cc 

Gr Tammann and J Schneider found that the rate of absorption of hydrogen at 
different temp can be represented by the slopes of the curves m Fig 321, where 




Fig 321 — The Bate of Absorp 
tion of Hydrogen by Iron 


Fig 322 — The Rate of Absorp 
1 ion of H\ drogen b\ Cast Iron 


the vol of the gas is expressed mcc at n p 6 per 100 grms of metal K Iwase’s 
results for solid and liquid cist iron are summarized in Fig 322 6 Tammann and 

J Schneider found that the \ elocity of absorption of h\ drogen is greater the larger 
is the number of icositetrahedral planes in the surface layer The number of such 
planes decreases after heating the metal to a higher temp and the rate of absorption 
shows a corresponding diminution Observations on the rate of absorption were 
also made by 6 Tammann and F Laass 

A Sieverts found that at a constant temp , the solubiht\ of h\ drogen m 
iron is directly proportional to the pressure p, of the gas, so that S~hpl 
G Borelius and F Gunneson added that this rule applies to iron, but, according 
to G Borelius, not to steel A Sieverts found that w ith press below 100 mm , the 
solubility of hydrogen m iron decreases more rapidh with falling pressure^ than 
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corresponds with this relation G Tammann studied the effect of cold work on 
the absorption of hydrogen , and H Jelhnek, the effect of the press of the gas on 
the electrical resistance of the metal 

According to W H Johnson, and 0 Reynolds, when pieces of iron or steel 
are immersed m sulphuric or hydrochloric acid, washed, and dried, there is an 
increase m weight of 0 0005 to 0 06 per cent owing to the saturation of the metal 
with nascent hydrogen On prolonged exposure to air, or more rapidly on heating, 
the hydrogen is evolved, and the metal regams its ongmal physical properties 
A Ledebur found that the iron may absorb twenty times its vol of hydrogen 
when placed m dil sulphuric acid , and that cast iron behaves m a similar way 
According to J H Andrew, the intercrystallme, amorphous cement between the 
ferrite cr> stals plays a part m conveying the gas into the interior of the solid metal 
Thus, when a piece of wrought iron is immersed for some time m a sat soln of 
sodium hydroxide at 100°, the mass becomes brittle because the gas is absorbed more 
rapidly m the amorphous intercrystallme layers than by the crystals themselves, 
and the expansion of these layers forces the crystals apart and weakens their 
cohesion After remammg longer m the soln of sodium hydroxide, the iron loses 
its brittleness, because the hydrogen gradually diffuses mto the crystals from the 
intercrystallme cement Electrolytic iron, being already sat with hydrogen, 
is unaffected by sodium hydroxide M Thoma said that iron is readily super 
saturated with hydrogen when it comes m contact with nascent hydrogen either 
m the voltameter or that which is being generated on its own surface by the action 
of an acid From the surface of the supersaturated iron, hydrogen is again 
spontaneously liberated, and the amount obtamed is proportional to the extent 
of surface J H Meidmger, and R Lenz noticed that electrolytic iron may be 
contaminated with occluded hydrogen, and that at 100°, about a tenth of the total 
amount of occluded hydrogen is expelled, about two thirds is given off at a dull 
red-heat, and only at 1000° is the metal freed from the gas F Haber discussed this 
question R Lenz found that when electrolytic iron is heated m a porcelam tube, 
the total amount of gas evolved varies from 20 to 96 vol per cent of gas per vol 
of iron The gas given off at 600° contamed 58 5 vol per cent of hydrogen , 18 8, 
N 11 3, CO , 10 1, C0 2 , and 1 3, H 2 0 , whilst that evolved at u, bright red-heat 
contamed 43 2, H , 8 9, N , 22 7, CO , 17 8, C0 2 , and 7 4, H 2 0 It was thought 
that the steam and carbon monoxide were formed by the reaction between iron, 
carbon dioxide, and hydrogen Observations were also made by L Guillet, 
R Hugues, H O von Samson-Himmelstjerna, A Thiel and W Hammerschmidt, 
M Thoma, and R A Hadfield — mde Table XLYIII F Wmteler gave, for deposits 
of electrolytic iron 0 08 mm and 0 14 mm m thickness, per 1 vol of iron 

Ho X CO COHO \ apour Total gas 

0 08 mm 53 4 15 5 15 1 12 7 3 3 07 7 vol per cent 

0 14 mm 60 3 5 6 26 7 4 3 3 0 21 2 „ , 

The presence of hydrogen m electrodeposited iron, m amounts \arymg from 
00076 to 0 0262 per cent , was observed by S Maximo witsch, C F Burgess and 
C Hambuechen, W M Hicks and L T O’Shea, and A Skrabal The relations 
between the current density, concentration, acidity, and temp of the soln of ferrous 
sulphate on the proportion of occluded hydrogen, were studied by F Forster, 
G Coffetti and F Forster, and W A MacFadyen Accordmg to H Lee, the 
hydrogen content decreases with the duration of the electrolysis, with decreasing 
current density, with increasing acidity of bath, and with decreasing cone of iron 
in the soln The results of H Lee are summarized m Fig 324 for layers of iron of 
different thickness Accordmg to R Kremann and H Breymesser, the hydrogen 
and mm are simultaneously liberated at the cathode, and the liberation of hydrogen 
can he prevented if the electrolysis be carried out under a high press of hydrogen 
Iron deposited under 20 atm press of hydrogen were composed of larger crystals 
than when deposited under 1 atm press of hydrogen The metal obtamed at the 
Nghiar press contamed less occluded hydrogen, and it was also softer, and less brittle 
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G Borelius found that for iron, but not steel, the cone of the occluded hydrogen 
is proportional to the sq root of the current density The press eq of the current 
density for a 2 per cent soln of sodium hydroxide at an ampere per sq cm is 
17,000 atm 

T W and W T Richards observed that a magnetic field has no perceptible 
influence on the electrode potential of iron, but with iron havmg occluded hydrogen, 
the potential is definitely lowered , the change is roughly proportional to the strength 
of the magnetic field With a given magnetic field, the decrease m the overvoltage 
is approximately proportional to the overvoltage itself, amounting, with a strong 
magnetic field, to about 5 per cent of the value of the overvoltage It is assumed 
that the magnetic field affects the potential not because of any change in the 
affinity between hydrogen and iron, but because of some change m the texture of the 
occludmg metal due to magneto-stnction For the effect of the adsorbed hydrogen 
on the magnetic properties of iron, vide supra, the magnetic properties of iron 
J A Kendall discussed the formation of a cell with one plate of iron through which 
hvdrogen is passing 
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Fig 323 — The Effect of 
Temperature on Occluded 
Hydrogen 
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Fig 324 — The Effect of Fig 325— The Effect of 
Current Density on Oc Acidity on Occluded By 
eluded Hydrogen drogen 


T Graham discussed the nature of the occluded hydrogen m palladium, and he 
regarded it as a special form of hydrogen which he called hydrogenmm — 1 7, 6 
The occluded hydrogen is specially active chemically, and W Ramsay attributed 
this activity to the presence of hydrogen m the monatomic condition This 
inference is m harmony with the observations of T W Richards and G E Behr, 
T W and W T Richards, E G Mahm, S Satoh, A F Penton and T A White, 
T Franzmi, T S Fuller, M Thoma, G Charp} and S Bonnerot, W H Johnson, 
0 Reynolds, A Coehn, and A Wmkelmann-— wde supra 0 Faust s experiments 
on the chemistry of the iron electrode support this view , like T W Richards and 
G E Behr— mde supra — it was found that the electrode potential of spongj iron 
with occluded hydrogen is 0 39 volt, and without the hydrogen, 0 44 volt 
A Sieverts observed that for the occluded gas, vp± is constant , and for gaseous 
phase, vp is a constant From the partition law, it follows that the hydrogen is 
occluded m the form of monatomic molecules At very low temp , N I Nikitin s 
observations agree with the assumption that the adsorbed hydrogen is m the 
molecular state A Villachon and G Chaudron believed that m liquid iron some 
hydrogen is present as a hydride , and W Frankenburger and K Mayrhofer found 
that when iron vapour condenses m an atm of hydrogen, the film has Fe H 
approximately as 1 2 — vide infra for the hydrides F Duran and C H Tecken- 
trup considered the absorption of hydrogen is a case of pure adsorption , L Guillet 
and co workers thought that a hydride is formed at the higher temp , and it dissociates 
below 250° 

The permeability of iron to hydrogen was observed by H St C Deville and 
L Troost, who found that the metal is permeable to ordinary hydrogen when it is 
heated to redness , and this fact was confirmed by T Graham L Cailletet found 
that nascent hydrogen^could pass through an iron vessel immersed m sulphuric 
acid at ordinary temp H M Ryder s observations on the effect of temp on 
the permeability of soft steel, and those of V Lombard on electrolytic iron, are 
summarized m Fig 326, and V Lombardi observations on the effect of press on 
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the permeability of electrolytic iron are summarized in Fig 327 M Bodenstein, 
and M Knobel and R B Norton expressed the rate of penetration of iron by 
hydrogen, D, as a function of the overvoltage, E The subject was discussed by 
T S Fuller E Piwowarsky and H Esser attributed the permeability of cast 
iron for gases to the presence of macroscopic flaws B Beer studied the subject 
A Wmkelmann used an iron tube, closed below, as cathode m the electrolysis of 
a soln of sodium hydroxide The rate of diffusion of hydrogen formed on the 
exterior of the tube, into the interior, was found to be mdependent of the press 
between 0 and 890 mm of mercury The rate of diffusion is not affected by reducing 
the external press from 1 to 1 5 atm It was accordingly 
0 6y \ i-7-i inferred that the actual press of the hydrogen on the 

I? a outside of the iron tube is not of the same order as the 

| ^.o 2 Jw— internal press and is not less than 58 atm The mdepend 

0 — ence of the mternal press agrees with the assumption 

78 —ffr that it is ionic or atomic, and not ordinary molecular 

\^T_6 -Ay hydrogen that is concerned in the process of diffusion 

SJl At a constant temp , the rate of diffusion increases more 

u 7*”' slowly than the current strength, and it is approximately 

^ J 300 400* 500° 600 proportional to the potential difference The increase in 
the rate of diffusion, 8, with temp , 0°, was rapid, and 
Fig 326 —The Effect of approximated to S=8 0 (l+0 04550) for a constant current, 
Temperature on the or to S=S 0 (l+0 05610) for a constant potential differ 
Shtyo/lron eTmes> ence G Charpy and S Bonnerot noted that the hydro 
" ’ gen as it diffuses through iron or steel at ordinary temp 

acquires a special chemical activity They showed that no diffusion occurs in 
steel tubes at ordinary atm press below 325° , the osmosis is perceptible at 
350°, and it increases about 40-fold when the temp is raised to 850° The 
diffusion of gases m metals was studied by D Alexejeff and L Savmina, 
M Bodenstein, A H W Aten and P C Blokker, O W Richardson and co workers, 
G 0 Schmidt and T Lucke, C A Edwards, and by G Borehus and F Gunneson 


7p L x -LI— L L 1 

1*300 400* 500° 600 


Fig 326 —The Effect of 
Temperature on the 
Hydrogen Permea 
bihty of Iron 


W E Deming represented the rate of diffusion of hydrogen through iron by 
d(p l l n ) ldt=kjc/\, 2 2 > lln } where p denotes the press of the gas, and c the amount 
absorbed per unit vol under unit press For the steady state, the amount, dm , 
of hydrogen diffusing through an area, a, of thickness, dx , with press , p, and p-\-dp, 
in the time, dt, is dm=ka Ap^dt A Jaquerod and 
S Gagnebin observed that the rate of diffusion of hydrogen 
in iron mcreases suddenly at about 200°, and other dis 
continuities occur at the Curie point, and at about 900°, 
when /?-iron changes into y iron A H W Aten and 
M Zieren, and T S Fuller discussed the penetration of 
iron by cathodic, nascent, or atomic hydrogen, and em 
phasized the difference between the behaviour of this 
'4 12 20 28 ^ orm hydrogen and ordinary gaseous hydrogen 

A Coehn considered that the experiments on the rate of 
Fig 327 —The Effect diffusion of hydrogen m iron support the view that the 
of Pressure on the absorbed hydrogen is m the form of electrons and 
1>ermea protons E G Mahin infen ed that the hydrogen occluded 
n by iron which has been pickled m acid diffuses in the 

metal m the atomic condition, and is liberated at the surface as molecular 
hydrogen 



N B Pill ing observed that the evolution of occluded hydrogen from electrolytic 
hydrogen begins at about 100°, and attains a maximum at about 200° , H Esser, 
J Cournot, and C F Burgess and O P Watts, that the complete expulsion of the 
gas occurs above the 03-point, -950° to 1050° , and 0 W Storey, that after heating 
to 910 to 1000° , electrolytic iron has the structure of ordinary iron , at 500° to 600° 
hydrogen is given off, but no change m structure is perceptible B Cazaud and 
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R Hugues noted that there are discontinuities m the rate of e\ olution of the hydro- 
gen attended by changes in the mechanical and magnetic properties of the metal , 

0 Borelius and F Gunneson, that the variation m the rate of removal of occluded 
hydrogen and nitrogen from iron at different temp shows a number of irregularities , 
and G Tammann, and R Hugues attributed some of the irregularities to the possible 
presence of hydrides According to G Belloc, the evolution of the occluded gas, 
when the metal is heated, is connected with the critical pomts of iron, and it may 
be divided into three stages (1) the evolution begins at a variable, ill-define&temp 
between 150° and 400° , the velocity, or dv/dt curve (where v denotes volume), 
has a small minimu m at 200°, and a small maximum at 300°, but the evolution of 
gas m the region of a-iron is very small, and tends to increase with temp 
(u) Between 500° and 600°, the dvjdt curve exhibits a large maximum at the transi- 
tion pomt of a- into /? iron, and then falls off to a minimum approaching zero at 
the end of the conversion The transformation of cementation carbon into temper- 
carbon has no marked influence on the result (m) The evolution of gas begins 
again with the transformation of /?- into y iron, and after passing through a 
maximum, increases with temp The gas first given off is nearly all carbon dioxide, 
and at about 550°, it disappears, and nitrogen makes its appearance and persists 
at all highei temp , but the amount is small, not rising above the mean \alue of 
10 per cent Above 400°, carbon monoxide and hydrogen are alone e\ol\ed in 
proportions which ma} alter suddenly with temp According to O Boudouard, 
the results of heatmg iron m its various forms m vacuo at 1100°, with fifteen days’ 
exposure to air between consecutive treatments, show that it is verv difficult to 
extract the gases contamed m iron and steel Even after the third ignition at 
1100°, the amount of gas retained by filings was 0 5 of the total vol , and 20 per cent 
with sheet-iron and bar-iron According to F C G Muller, the gases sometimes 
regarded as occluded by iron are really mechanically held in the pores, for they are 
liberated on boring, and only a little additional gas is obtamed when the borings are 
heated to redness in vacuo The sub]ect was also discussed by A Pourcel, J Parry 
and H A Brustlem, as well as by G Alleman and C J Darlington, A H Allen, 
E Ameen and H Willners, G W Austm, T Baker, L Baraduc-Muller, M Barre, 
H Bessemer, P H Brace and N A Ziegler, H Braune, L Cailletet, J R Cam, 

J R Cam and E Pettijohn, H Cassel and T Erdey-Gruz, G Charpy and S Bon- 
nerot, J W Donaldson, A Friedmann, P Goerens, P Goerens and J Paquet, 
E Goutal, G Hailstone, W Herwig, W Hessenbruch, W Hessenbruchand P Ober- 
hoffer, P Hard, L Jordan and J R Eckman, E Kahrs, O von Keil, S Kern, 
P A Klrnger, W Kusl, J W Langley, A Ledebur, E Liebreich, E von Maltitz, 
E Maurer, E Munker, P Oberhoffer and co workers, A S de Osa, J Paquet, 
N Parravano and A Scortecci, E Piwowarsky, T C Poulter and L Uffelman, 
F Rapatz, P Regnard, A Ruhfuss, H M Ryder, O Seth, J E Stead, J E Stead 
and S Pattinson, G Tammann, L Troost and P Hautefeuille, A E Tucker, 
U le Vemer, A Villachon and G Chaudron, A Yita, W H Walker and 
W A Patrick, H Wedding, and A Wuster and E Piwowarsky According to 
E Ameen and H Willners, the gases CO, CO2, H2, N 2 , CH4, and H 2 0 are 
dissolved by liquid steel, and when the steel hardens, these gases can react 
The relation C0 2 CO is taken as a measure of the oxidation of the steel 
at a given temp The CH4 and H 2 0 content is a measure of the dissolved 
quantities of CO, C0 2 , and H 2 Nitrogen is found chiefly m steels from the 
converter 

R Hugues studied the rates of removal of hydrogen from about 20 c c of 
electrolytic iron, and L Guillet and A Roux, the vol of gas removed from 
electrolytic iron at diff erent temp G Hagg discussed the mol vol E Heyn 
observed that the adsorption of hydrogen produces no perceptible effect on the 
microstructuxe, although it embrittles the metal When cast iron is heated at 
730° to 1000° m contact with hydrogen and then chdled, it becomes considerably 
more brittle than when similarly heated m air and chilled If, however, the 
vol xm x 
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metal is allowed to cool slowly in hydrogen, it remains tough, and at temp below 
730° its properties are not affected by hydrogen A cast iron containing 037 
per cent of carbon was found to behave in the same way as one containing only 
0 05 of carbon and 0 01 of silicon By heatmg the metal m nitrogen at a red-heat 
the effect of the treatment with hydrogen is destroyed In the case of iron contain* 
mg very little carbon, the brittleness is partly removed by heatmg in boiling water 
or even by long exposure to the air at the ordinary temp , and is completely destroyed 
by heatmg at 200° to 250° Iron containing more carbon retains its properties 
much more obstmately A superficial layer after treatment with hydrogen was 
found to show a greater flexibility, hence the hydrogen must penetrate below the 
surface The density of the metal is not affected by the treatment with hydrogen 
D Alexejeff and M Polukaroff studied the effect of hydrogen on the tensile 
properties of electrolytic iron The results of A Ledebur exposing wires of the metal 
to the action of acids are indicated m Table XLVIII According to L B Pfeil, 


Tablf XLVJ3T — Thf Effect of Occluded Hydrogen on the Mfchanical 

Properties of Iron 


Metal 

Teni 
(tons pe 

inty 
r sq in ) 

Elongation 
(per cent ) 

Number of times 
metal could be bent 


Normal 

Hydro 

genized 

Normal 

Hydro 

genized 

Normal 

Hydro 

genized 

1 ITncleaned wires in 1 per 
cent H 2 S0 4 , for 24 hrs 
examined after 3 days 

54 54 

54 66 

35 

2 8 

10 2 1 

80 

2 Cleaned wires immersed 
23 hrs m 25 per cent 
H 2 S0 4 and examined 
immediately 

54 09 

56t00 

34 

27 

74 

30 

3 Wires connected with a 
block of zinc and nn 
mersed 3 hrs in 25 per 
cent H 2 S0 4 , and ex 
amined immediately 

52 76 

52 19 

20 

22 

10 0 

3 9 

4 Wires treated as m3 but 
examined 4 days later 

51 11 

51 17 

30 

22 

10 1 

7 2 

5 Wires treated as in 3, but 
heated to cherry redness 
for 15 mins m an inert 
atm 

27 24 

28 51 

17 9 

16 9 

16 2 

14 6 


occluded hydrogen has a remarkable weakening effect on the mtercrystalhne 
boundary of iron vide supra, hydrogenized iron This applies not only to the 
boundaries between very large crystals, but also to the boundanes between 
the very minute crystals of which ordinary iron consists The strength of the 
boundary between two smgle crystals has been shown to be about 8J tons per 
sq m, and of the boundary between very small crystals about 17 tons per 
m It is probable that this marked difference is due, not to any real variation 
m the strength per unit area, but to the difference in the ratio between the actual 
area of fracture and the cross sectional area of the test-piece m the two cases This 
ratio is mu ch greater in the case of the aggregate than it is in the case of the two 
large crystals In addition to its effect on the boundaries, hydrogen decreases the 
cohesion across the cubic cleavage planes, a pull of 5 tons per sq m applied at right 
angles to the cleavage plane being sufficient to cause separation Occluded hydrogen 
dow not prevent drformation by slipping on the icositetrahedral planes of the iron 
crystal Judging from the behaviour of the single crystals during these tests, it 
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seems improbable that the hydrogen has even any important effect on the resistance 
to movement along the slip planes The effect of hydrogen on the finely crystalline 
iron is very much less marked at temperatures a little above room temperature 
Under these conditions the crystal boundaries are not so greatly weakened 
Fracture takes place mainly through the crystals after they ha\ e been drawn down by 
slipping, but the pomt at which fracture occurs is determined by cracks which form 
as a result of a limited cleavage and mtercrystallme failure The cracks probably 
originate m those crystals so set at the surface of the test-piece as to present a 
cleavage plane at right-angles to the stress, these being particularly liable to fracture 
at low stresses The minute notches so produced lead to large cracks which, decreas 
mg the effective cross section of the test piece, cause a low value to be recorded for 
tensile strength F C Lea observed that nascent hydrogen liberated at a cathode 
penetrates the crystal boundaries of mild steel, nickel, and stainless steel with 15 per 
cent Cr, and 10 per cent Ni The penetration does not affect the tensile strength 
of these materials, but it lowers considerably the elongation of specimens of mild 
steel The transverse cracks which develop indicate that the tearmg of crystals 
apart at their boundaries occurs at fractures The hydrogen interferes with the 
shp that takes place on certain crystal planes and which, under ordmarv conditions, 
continues apparently across the crystal boundaries Hydrogen escapes quickly 
after the current ceases, even at ordmary temperatures, and after heating at 100° 
the properties of the material are restored Hydrogen m the cathode does not 
dimmish the resistance to impact of mild steel and its effect on repeated stress seems 
of itself unimportant The fractures under repeated stresses, however, show that 
the penetration of hydrogen has an important bearing upon the nature and form of 
fracture of a plastic material, which under repeated torsional stress, fads m a 
manner similar to quenched and tempered materials Consequently the presence 
of the hydrogen at the crystal boundaries does not increase the concentration of 
stress in the repeated stress experiments, nor in the impact tests, but affects the 
continuity of slip and causes a crack to occur as m the quenched and tempered 
materials, and suggests that m all such materials the fadure is at the boundaries, 
whde the fadure of plastic materials occurs by cracking within the crystal Observa- 
tions on the subject were made by J H Andrew, H C H Carpenter and C F Elam, 
J Coulson, C A Edwards and co-workers, C F Elam, T S Fuller, L Jacque, 
S C Langdon and M A Grossman, P Longmun, F Osmond and G Cartaud, 
S W Parr, W Rosenham and D Ewen, 0 P Watts and C T Fleckenstem, 
M Majima, Y S Meskm and Y M Margolin, M Okochi, R Hugues, L Guillet 
and J Cournot, B Bogiteh, and M Guichard and co-workers 

According to W C Roberts- Austen, the heating curve of iron charged with 
occluded hydrogen shows breaks at 261° and 487°, and these breaks do not appear 
if the metal has been previously heated m vacuo G Borelius and F Gunneson 
observed a number of irregularities m the thermoelectric force at approximately 
—5°, 150°, 220°, 300°, 460°, 530°, and 600° There is also a marked mcrease m the 
absorption of hydrogen at the Curie pomt, 760° It is thought that the phenomena 
may be due either to unknown modifications of iron, or to the existence of solid 
hydrides G Sirovich stated that there is an abrupt change m the rate of expansion 
of iron, and low-carbon steels at 370° , and he inferred that this represents a trans 
formation point in addition to the usually-recognized critical points H S Rawdon 
and co-workers also observed this irregularity, but said that it is not due to a poly 
morphic transformation, because the break in the curve is too irregular with different 
samples The phenomenon is attributed to “ some condition resulting from the 
presence of iron oxide in the iron 5 , and it may be due to the recrystallization of 
very fine grained metal resulting from the reduction of iron oxide by hydrogen at 
this low temp N B Pilling noted the effect of hydrogen on the hardness of iron 
R S Williams and Y O Homerberg, on the ductility , and E A Hardmg and 
D P Smith, on the changes m length and the electrical resistance R Nubel 
discussed the thermal energy of hydrogenized iron E Rupp studied the optical 
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properties of iron with i film of adsorbed hydrogen A Sieverts observed that the 
dissolution of h\ drogen between 20° and 920° had no perceptible influence on the 
electrical resistance , but H Kleme found that the resistance increased when the 
metal contained occluded gas H Gries and H Esser examined the effect of 
occluded hydrogen on the magnetic properties of the metal 

6 Charpy and S Bonneiot found that when iron at 600° to 900° is exposed for 
a long time to a current of hydrogen, no gas is absorbed but the physical properties 
of the metal are modified, it being softened by prolonged diffusion of the gas, which 
exercises s reducing action, removing such constituents as sulphur, phosphorus, 
md carbon in the form of their hydrides, the desulphurization being particularly 
rapid The iron thus undergoes a process of purification by the passage of the 
hydrogen, and this may possibly explain certain of the anomalies m the metallurgy of 
iron and steel, when hvdrogen is formed by the contact of water vapour with the hot 
metal Observations on this subject were made by A Johansson and R von Seth, 
L Jordan and F E Swindells, G W Austin, A Berard, F Schmitz, F Wust and 
0 Geiger, F Wust and E Sudhoff, G Charpv, J Y Emmons, H S Rawdon and 
eo worker-,, H le Chatelier, J H Whiteley, E D Campbell and co workers, 
O E Harder and co wo hers, F C Langenberg and H M Boylston, V Lombard, 
R Schenck, and L Forquignon P D Merica noted the injurious effect of 
absorbed gases on the magnetic properties of iron (q v ) 

R Schenck, and A Johansson and R von Seth represented the decarbunzation 
of non by hydrogen by the reaction Fe 3 C+2H 2 ^3Fe+CH 4 at 750° The assump 

tion ib made that the carburization is effected by 



Fro 328 — Equilibrium Con 
ditions for tli© Reaction 
Fe s C+2H 2 ^3Fe+CH 4 


methane, but possibl) other hydrocarbons are also 
concerned m the reactions Fig 328 represents 
qualitatively the equilibrium curves between car 
burned iron and hydrogen, when the dotted lme 
represents the equilibrium conditions for the reaction 
C+2H 2 ^CH 4 The ferrite-austenite line ends at a 
fixed pomt corresponding with 0 per cent methane, 
and at the temp of the A 3 -arrest for iron alone 
' The intersection pomts of the curves are dependent 
only on the carbon press of the different solid phases 
jdiscussed m connection with the decarburization of 
Jcast iron Small methane percentages at 900° to 
1000° prevent the decarburization of hydrogen 
R Schenck found the intersection pomt between the 
carbon, hydrogen, and methane equilibrium curve 
and the femte-austemte line to be 720° The re 


lation between the percentage of carbon and the tune of heatmg m the decarburiza 
tion of steel by hydrogen at 1050° is shown m Fig 329 G W Austm found that 
decarbunzation bv dry hydrogen is much slower than by moist hydrogen The 
subject was studied by J Ciochma — vide supra , 0 Schmidt, 
§ ^ Korczynsky, R Hocart, A E Mitchell and A L Marshall, 

an d ® Constable A S Gmsberg and A P IvanofE, 
^ ^ ® Schmidt studied iron as a catalyst m the hydro 

5s genation of vanous compounds , H Remy and H Gon 

^ 0 1 ^ n ingen, the 2H 2 +0 2 reaction, A Quart)aroli, the reducing 

oTprslo •iction of the iron copper couple , K F Bonhoeffer showed 

ours a correspondence between the adsorption of hydrogen and 

Fic 229 Tli© d© catalytic activity , and G B Kistiakowsky, the ionization 

potential of hydrogen adsorbed on iron According to 
E D Campbell, the best temp for the elimination of im 
purities by exposure to hydrogen is 950° to 1000° , a gas containmg a small pro 
portion of water-vapour is most efficient The decarbunzation occupies on 
average four or five days For example 
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Percent 

utrboit 

Per ant 

ulplnir 

Tieatment 

Before 

After 

Beioio 

Vitci 

4 days 

0 094 

0 070 

O 025 

OOtT 

5 days 

0 354 

0 017 

O 020 

0 014 

8 days 

1 184 

0 005 

0 018 

0 000 

12 dajs 

1 150 

0 133 

0 021 

0 020 


T Thomson 3 suggested that an iron hydride, or rither a firruritted hgdmjen 
gab, mixed with much hydrogen, is formed when iron is dissohed m dil sulphuric 
icid It was supposed that the ferruretted hydrogen was not remo\ ed from the 
gas by passing through four wash-bottles containing potash he, uid \ tube tilled 
with asbestos A Dupasquier gave a long description of the supposed gis but 
C R Fresenras and J Schlossberger showed that the alleged properties of ferruretted 
hydrogen corresponded with those of hydrogen contaminated with Indrogen 
phosphide and sulphide, when no iron is present Hence, the existence of ferruretted 
hydrogen is not established H Reinsch believed in the existence of such a gas , 
but E Erlenmeyer, and C A Cameron could find no evidence to support the 
hypothesis J A Wanklyn and L Canus suggested that when ferrous iodide is 
treated with zme ethyl, a ferrous dihydnde, FeH 2 , is formed FeI 2 ^Zn(C 2 H 0 )j 
= Znl 2 +F eH 2 -f- 2C2H4, but the evidence is not at all satisfactory The alleged 
hydride may be iron with occluded hydrogen , A Villachon and G Chaudron were 
of the opmion that a hydride is possibly formed in liquid iron , W Franhenburger 
and K Mayrhofer, when iron vapour is condensed in an atm of hydrogen and 
G Borelius and F Gunneson, when hydrogen is occluded bv iron T W eichselfelder 
and B Thiede observed that when ferrous chloride is treated with an ethereal 
soln of magnesium phenyl bromide, a black powder of iron dilrydride, FeH_> 
formed , and if ferric chloride be employed, iron hexahydnde, FeH 6 , appears 
a black, viscid oil E Piwowarsky observed no evidence of the existence of hy drides 
m hydrogenized iron , L GuiUet and co workers thought that one is formed stable 
above 250° 

The effect of air and oxygen on iron is discussed elsewhere m connei tion w ith 
the corrosion and tarnishing of iron , with the reduction and formation of the \ trious 
oxides of iron and with the production of iron In 1782, S Rmman 4 reported 
that dry air does not corrode iron, but moist air does , and a few y ears later, 
W Higgins stated that iron does not rust in dry oxygen, and explained the pheno- 
menon by assuming that 

It is the oxygen of the water which unites to the iron while the ox v gen of the gas is 
condensed by the liberated hydrogen in the nascent state, so as to reproduce water Tins 
is effected by a double influence which is so obvious as not to require an explanation 

P A von Bonsdorff made a similar observation — vide infra , S U Evans also 
noted that air dried by sulphuric acid did not corrode iron m a month under condi 
tions where moist air corroded the metal , and E Schroder and G Tammann, 
and W R Dunstan and co-workers observed that iron showed no signs of change 
when kept for 3 months m dry oxygen at 34°, R Ruer and J Kuschmann 
observed that finely-divided iron, reduced by hydrogen from the oxide at 750°, 
does not absorb air, but there is a slight oxidation on exposure to dry air for 
100 grms of iron increased 30 mgr ms m weight Iron filings also oxidized slightly 
m dry air G Tammann estimated that at 15°, dry oxygen would produce a \ lsible 
film on iron in 25 X 10 17 years 

W Hardy and M Nottage found that a polished steel cylinder placed on a 
steel plate remained at a distance of 4 ji above the plate m cle in drv air Pressure 
applied to the top cylinder made the two surfaces ipproach more closely , but on 
removing the pressure, the ur film returned to 4 fi Tins thickness lemamed 
constant for glass to glass and steel to steel The subject w is studied b) 
S H Ba stow and F Y Bowden, and H E Watson and k S Menon 

P Gladky found from 0 021 to 0 974 per cent of owgen equivalent to 0 23 to 
0 33 per cent of ferrous oxide m various samples of iron md steel — tide infta 
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ferrosic oxide, the corrosion of non, and ferrous oxide J A Pickard, A Ledebur, 

A H Allen, A K Slim, J E Stead, L Romanoff, M A Grossmann, J Cournot 
and L Halm, and S Kern discussed the oxygen-content of iron and steel , and 
H W Gillet, the action of oxygen on the iron-carbon system The oxygen 
content of iron and steel is indicated m Table XLVII , the bmary system non- 
oxygen has been discussed by F Schonert, F Czopiwsky and S Orzechowsky, 
and others m connection with ferrous oxide , and the ternary system Fe-O-H, and 
JVO-C, by H Nishimara — wde supra, the blast furnace reaction W R Shimer 
and F 0 Kichlme found a maximum of 0 074 per cent oxygen m Bessemer steel 
when cooled quickly after a long after blow Oxygen leaves a bath of molten 
steel in a few minu tes, so that few steels have much more than 0 03 per cent 
oxygen W Austin found that the product obtained by meltmg a mixture of 
iron and iron oxide had 0 288 per cent oxygen F Schmitz found 0 113 per cent 
oxygen in Thomas Gilchrist steel E A Hardmg and D P Smith noted the 
occlusion of oxygen by iron electrodes 

F Durau and C H Teckentrup showed that the absorption of oxygen by 
electrolytic iron is a chemical process A Ledebur said that 0 1 per cent of oxygen 

makes iron no longer forgeable, for it is then red 
short , and the subject was discussed by F Hatlanek 
E F Law said that iron and manganese oxides can 
be detected as black spots under a magnification of 
1000 F R Eichoff considers it to be doubtful if 
oxygen makes iron red short, because of the high 
proportion m welded iron It is assumed that the 
affinity of iron for oxygen, and of carbon for iron, 
increases with a rise of temp , while the affinity of 
carbon for oxygen mcreases relatively little under 
these conditions Hence, carbon monoxide is formed 
at a certain temp during the coolmg of the iron, 
while above this temp the oxygen and carbon are 
dissolved in the iron without acting on one another 
F Roll found that the presence of oxygen partly 
favours and partly hinders the decomposition of the 
carbide in cast iron J R Cam, G F Comstock, 
H Diergarten, J R Eckman and co-workers, 
W Eilender and W Oertel, E W Fell, W Galbraith, 
J D Gat, P Gladky, M A Grossmann, E Gumlich 
and P Goerens, F Hatlanek, C H Herty and 
J M Games, H D Hibbard, H Hochstem, A Holtz, 
H M Howe, E F Law, O Meyer, R Moldehke, A Niedenthal, P Oberhoffer 
and co-workers, H D Phillips, F Rapatz, J Reschka and co-workers, H Schenck, 
H Schiffler, F Schmitz, W L Stork, L Tremen, A E White and J S Vamck, 
and J H Whitely discussed the presence of unreduced oxides m iron , H Gnes 
and H Esser, W Eilender and R Wasmuth, and J A Lamgan, the effect of 
oxygen on the hardness — with 0 030 per cent of oxygen, Brinell’s hardness was 
70 2, and with 0 141 per cent , 79 6 , F C Thompson and R Willows, the production 
of a banded structure in hot-worked, hypo-eutectoid steel, and E W Fell, 
J* R Cam, and A Niedenthal, the red-shortness produced by oxygen in iron 
A Wimmer’s observations on the influence of oxygen on the mechanical properties 
of iron are summarized m Fig 330, where the tensile strength is expressed m 
kilograms per sq mm , and the elongation and reduction of area m percentages 
W McA Johnson made observations on the subject H Gnes and H Esser 
examined the effect of oxygen on the magnetic properties of iron F W Lurmann, 
J Y McCrae and R L Dowdell, F Giolitti, F 0 Moorwood, C H Herty 
and co workers, A McCance, C H Desch, G F Comstock, P Bardenheuer and 
K L Zeyen, L Persoz, H M Boylston, and J R Cam investigated vanous 
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deoxidizing agents for steel — mde alu m i n i um , manganese, silicon, titanium, etc , 
and E R Thews arranged possible deoxidizing agents m the order of their affinity 
for oxygen Mg, Al, Si, Mn, Zn, P, Sn, and Cd , and in the order of their capacity 
for oxygen Si, Al, P, Mg, Mn, Zn, Cd, and Sn C H Herty and co workers studied 
the deoxidation of steel by aluminium, and found that it proceeds more quickly 
than is the case with silicon — mde aluminium-iron alloys A K Silin studied 
ferromanganese as a deoxidizer , P Blum, and C H Herty and co workers, silicon , 

E Diepschlag and H Schurmann, phosphorus , W Zieler, zirconium , P Blum, 
and E Lemaire, calcium , E Lemaire, magnesium , P Blum, boron , J R Cam, 
manganese, silicon, titanium, and aluminium , C H Herty and 6 R Bitterer, 
manganosilicon , J H Whitely, hydrogen at 950°, and A Glazunoff, and 
A Hiorth, sodium Vide supra , the growth of iron 

In the sixteenth century, Paracelsus said that “ when iron is fused m the furnace, 
it sends forth limpid, clear sparks which rise to a height, and that as soon as these 
appear, unless the iron be at once removed from the fire, it will be burnt up like 
straw ” Gr C Lichtenberg, and J Ingenhousz found that when iron is heated to 
whiteness m air or oxygen, it bums with vivid sparking, forming ferrosic oxide 
In air, the combustion soon ceases, but m oxygen, combustion contmues if the 
piece of iron be thin, and the high temp produced may volatilize some of the iron 
which is then oxidized to ferric oxide According to L F Bley, and 6 Magnus, 
finely-divided iron suspended from a magnet burns when placed m a flame, and 
when the flame is removed, the ferrosic oxide which remains is also ferromagnetic 
The early experiments on the combustion of iron were discussed by E von Lippmann, 
and E Cohen S S Sakowsky and E W Butzker showed that with oxygen under 
a high pressure, iron and steel burn readily and completely, and if once ignited 
propagate a flame with explosive velocity According to R Phillips, R Adams, 

S Stratmgh, and F d’Arcet, if a bar of iron be heated until it emits sparks — welding- 
point — it will burn even m the air if the blast of the bellows be strongly directed 
upon it, or if it be swung rapidly round*— by tying a rod to a piece of cord at one 
end, and heatmg the other end white hot , when the cord is swung rapidly round, 
a brilliant circle of sparks, resembling fireworks, is produced by the combustion 
of the metal J Percy mentions that the old nailmakers availed themselves of 
the combustibility of iron at a high temp to keep their nails hot during the process 
of forging “ There is a little blowpipe connected by a tube with a small pair of 
bellows and a jet of air is thrown on the iron when it is becoming too cold, and 
immediately the temp is much raised ” When a piece of flint is struck by a piece 
of steel, fine particles of the metal are detached by the stone, and brought to such 
a temp that they fire m air, and ignite tmder Hence, as found by H Davy, a 
flmt and steel in vacuo gives but very feeble sparks W G Hildorf and 
C H McCollain, C M Bigger, P K von Engelmeyer, G M Enos, A K West, 
M Bermann, E Pitois, and L Demozay studied the nature of the sparks removed 
by the attrition of different kinds of steel against a grindstone, and proposed that 
the results be used as a test of the nature and quality of steel According to 
A Pourcel, the method was suggested m 1804: by J C de Manson M Fink and 
U Hofmann observed the oxidation produced by rolling friction m dry air 
H P Walmsley studied the nature of the smoke of aerosol obtained by burning 
iron between electrodes 

Accor din g to H Moissan and C Moureu, iron powder, prepared by the reduction 
of ferrous or ferric salts, is chemically more reactive than compact iron , and the 
powder obtained by reducing the oxide, carbonate, or oxalate in hydrogen at 440 
is pyrophoric, for it becomes incandescent when exposed to moist aiT If the 
pyrophoric iron be kept at 310° to 320° for about 48 hrs , A Smits and co-workers 
observed that it is no longer pyrophoric, and the change is accompanied by an 
increase m vol It is said that pyrophoric iron consists of a mixture of different 
kmds of iron molecules which are not m a state of equilibrium C G Fink and 
C L Mantell discussed the pyrophoric qualities of commercial ferrum reductum. 
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of freshly reduced iron C Johns said that m growing molten steel, the surface 
remains optically clean for a short time, and the period is longer the higher is 
the temp The surface is protected from oxidation by a barrage of metal vapour 
As the temp falls, the vap press is reduced until finally the oxygen penetrates 

to the metal and oxidation begins 

The attack of iron by oxygen or air was studied by J Keir, C Becker, 

J B Tro mm sdorff, C F Bucholz, J L Gay Lussac, J H Hassenfratz, N J Conte, 

J B Guyton de Morveau, N J B Guibourt, M M Hall, J R Breant, K Inamura, 

J Zumstem, S Clegg and J Farey, L J Thenard, J L Proust, M Darso, M Dela- 
ville, J Cuthbertson, E Jordis and W Rosenhaupt, K Hoffmann, G Tammann 
and co workers, S Tour, and N B Pillmg and R E Bedworth— wde infra, the 
tarnishing, and scaling of iron J V Emmons, H Scott, E H Schulz and 
P Niemeyer, and A Joha nns on and R von Seth, the surface decarburization of 
iron when it is heated in air or oxygen , and H C Greenwood, by heatmg it in a 
bath of lead dioxide 

C Dufraisse and R Horclois said that the wide distribution of iron m nature 
and m the respiratory pigments of the higher animals makes a study of its catalytic 
activity of importance Iron is usually but not exclusively a positive catalyst for 
autoxidation It can act both as an anti-oxygenic and as a pro oxygenic catalyst 
Ferrous oxide is anti oxygemc towards furfural , ferric hydroxide, towards alkaline 
soln of sodium sulphite , ferric chloride, for benzaldehyde, and for furfural , ferrous 
iodide, for benzaldehyde and acrolem , ferric acetylacetonate, for sodium sulphite 
in feebly acidic soln , and for furfural , oxyhsemoglobm carboxylhsemoglobm, 
and methsemoglobin, for furfural , acrolem, and sodium sulphite , a chloro- 
hseimn, for furfural , /J-chlorohsemm, hsematm, dimethylester of a ohloro- 
hsernm, and jS bromohsemin, for furfural, acrolem, sodium sulphite and ben- 
zaldehyde 

W Manchot found that iron reacts with oxygen at a temp only slightly higher 
than that at which it reacts with ozone Iron rendered passive by immersion in 
mtnc acid, or by bemg used as anode m dil sulphuric acid, reacts almost instantly 
in the cold with 3 per cent ozone, "whereas active iron shows no such sensitiveness 
towards ozone 

The rustmg of iron m moist air at ordmary temp has been discussed elsewhere 
C Girtanner, in 1788, communicated a paper Ueber die AuflosbarJceit des Eisens 
in remem Was$er According to M M Hall, N J B Guibourt, E Ramann, 

S Bimie, A Job and R Reich, and JAN Friend, pyrophoric iron decomposes 
water at ordmary temp , and, according to S Birme, some hydrogen is evolved 
W van Rrjn said that mercury accelerates the reaction with pyrophoric iron 
J A Wanklyn and L Canus found that iron does not decompose water at 50° but 
does so at 100°, giving off hydrogen , E Ramann also found that iron decomposes 
boiling water , J R Baylis obtamed a little hydrogen even at ordmary temp , 
and L T Alexander and H G Byers found that hydrogen is developed from the 
action of water on iron at ordmary temp when felspar is ground m a steel ball 
mill S Micewicz found that at 100°, the rate of evolution of hydrogen from 
water on contact with powdered iron is diminished m the presence of sodium and 
potassium chlorides, it is slightly mcreased by calcium chloride, and very much 
increased by magnesium chloride E Berl and co workers found that the attack 
* of iron by distilled water increases with the temp and with the pressure , thus, 
with 10 grms of powdered iron, during 16 his , and at 100 and 200 atm press , 
the vols of hydrogen developed were respectively 160 c c and 480 c c , and the 
percentages of iron m the product were 98 21 and 94 45, and of ferrous oxide, 0 87 
and 5 51, respectively L Troost and P Hautefeuille observed that aluminium, 
if present, accelerates the reaction Boiling soln of alkali hydioxides behaved 
similarly H V Regnault observed that iron is decomposed by steam, and the 
action of steam on iron has been discussed m connection with the iron oxides, 
and the reactions m the blast furnace — vide wfia, ferrosic oxide P P Fedoteeff 
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and T N Petrenko represented the reaction with steam at 1000° to 1100°, 
Fe->Fe0-»Fe 3 0 4 , and with mixtures of steam and air, Fe->Fe 0 -»Fe 3 0 4 ->Fe 2 03 
The action of steam on iron was also studied by J A N Fnend and co-workers, 
A G Christie, A Fry, F Korber and A Pomp, F G Straub, E Piwowarsky, 
G Dessus and co workers, W H Hatfield, J K Rummel, W L Denman and 
E Bartow, and R Kattwmkel W Kraus studied the kinetics of the reaction, 
and J Chipman, the state of equilibrium m the oxidation of liquid iron by 
steam over the range from 1550° to 1770° Ferrous oxide is said to be formed, 
and the free energy of the reaction Fe+40 2 =FeO is —31200—1 0 T K Murata 
found that the partial press of hydrogen corresponding with the reaction 
3Fe 4- 8H 2 0 ^ Fe + 2Fe + 80H' + 4H 2 is 566 atm 

The wearing away of metal plates by the action of steam was examined b> 

J Walter , A A Cary, and F Westhoff studied the corrosion of wrought and 
cast iron by dry steam, W Campbell and J Glassford, the corrosion of cast 
iron by superheated steam , T S Fuller, the effect of steam on the endurance 
tests , and C B Marson and J W Cobb, and H T Angus and J W Cobb, 

the scaling of steel m atmospheres of steam J K Rummel found that the 

corrosion of steel by superheated steam at press up to 3450 lbs per sq in , 
is negligible up to about 430° , and m some cases up to 650° The presence of 
oxygen m the steam favours the attack The subject was studied by W H Hat- 
field, G Dessus and co workers, I N Hollis, A A Cary, A S Mann, E F Miller, 
R G C Batson, JAN Friend and co-workers, W Campbell and J Glassford, 
F N Bushnell, W Krauss, P Askenasy, R G Edwards, B Houghton and 
D C Weeks, and A B Williams and C W Welsh The action of water on iron 
has been studied by G Schikorr — vide infra , the corrosion of iron The decomposi- 
tion of steam by iron powder at about 250° is a convenient and rapid method of 
preparing hydrogen of a high degree of purity S S Bhatnagar and S L Bhatia 
studied the rate of evaporation of adsorbed water from iron J V Emmons 

found that steel heated m steam was decarburized more than when heated m 

hydrogen, carbon dioxide, or in air H Remy discussed the catalytic activity of 
iron on detonatmg gas , I Moscicki and J Broder, the spheroidal state of water 
on iron , and A Selleno, the force necessary to remove brass frozen on to iron 
and other metals by an intermediate film of water 

L J Thenard, and G T Moody found that dil soln of hydrogen dioxide has no 
visible action on iron, though it is catalytically decomposed by the metal , the 
converse result, by W R Dunstan and co-workers, is attributed to the use of impure 
hydrogen dioxide Cast iron is rapidly attacked by hydrogen dioxide, and it is 
assumed that the sulphur, and phosphorus which it contains as impurities are 
oxidized by the hydrogen dioxide to form acids Hydrogen dioxide in alkaline 
soln , say, 0 2 N NaOH or NH 4 OH, does not attack non of a high degree of purity, 
although oxygen is set free from the dioxide Under similar conditions, cast iron 
acquires a than film of a bronze-coloured oxide W R E Hodgkmson and 
A H Coote, H Tatu, N Floresco, R Kuhn and A Wassermann, and H Wieland 
and W Franke studied the action of hydrogen dioxide on iron, and the last- 
named found that with cone soln , 0 5 to 5 0Y-H 2 O 2 , there is no perceptible 
action, but with dil soln the non rusts E Pietsch and co-workers also observed 
that if the surface of the metal is homogeneous there is no action, but if, by 
incomplete polishing, etc , the surface is heterogeneous, rusting occurs A von Kiss 
and E Lederer studied the catalytic decomposition of hydrogen dioxide in the 
presence of non-ions As indicated below, the rate of dissolution of iron in acids 
is hastened if hydrogen dioxide be present W L Dudley observed that when 
iron is treated with fused sodium dioxide, red crystals of Fe 2 O s H 2 0 are formed , 
and T Wallace and A Fleck observed the attack with a fused mixture of sodium 
hydroxide and dioxide W Guertler and T Liepus opened that non is attacked 
m less than 8 days by chlorine water, sea-water, sea water and an, rain-water and 
an, and a soln of magnesium chloride , it is attacked m less than 8 hrs by 
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and 50 per cent soln of sodium hydroxide , and it is stable for 48 hrs in an 
alkaline soln of hydrogen dioxide Observations on the action of sodium dioxide 
on iron were made by W G Mixter, W H Hatfield, C Zenghehs and St Horsch, 
and E Leidie and L Quennessen J L Gay Lussac, and L J Thenard found 
that when iron powder is heated with potassium peroxide, K 2 0 4 , potassium is 
formed , and St Meumer found that when iron is fused with the peroxide, a 
ferrate is formed 

According to H Moissan, 5 fluorine slowly attacks compact iron at ordinary 
temp , but when the metal is warmed, it burns with sparks , and at a red heat, 
the absorption of fluonne is rapid, and much heat is evolved Powdered iron 
reacts with fluorine below redness with incandescence , and iron reduced by 
hydrogen combines with great energy m the cold H Moissan and J Dewar observed 
that the reaction proceeds quietly at —185° , and C A Crommelin, likewise, at 
—253° T Andrews noted that dry chlorine does not attack iron, although the 
moist gas quickly corrodes the metal A Lange observed that liquid chlorine when 
dry does not attack compact iron at ordinary temp , and this enables liquid chlorine 
to be preserved m iron reservoirs Analogous observations were made by A Furth, 
and W A Masel, whilst H Gautier and G Charpy noted that at ordinary temp 
liquid chlorine attacks iron very slowly Iron is readily corroded by moist chlorine 
at ordinary temp , P A von Bonsdorff noticed that air containing traces of chlorine 
quickly corrodes the metal G Tammann and W Koster studied the rate of attack 
of iron by chlorine The corrosion of iron by chlorinated water was exammed by 
G L Clark and R B Iseley, M L Hamlin and F M Turner, C G Gillespie, and 
N V Lothian and A R Ward When iron is heated in the dry gas it volatilizes 
and condenses m what H Davy called “ beautiful minute crystals of extraordinary 
splendour ” , which J Davy showed were feme i chloride According to 0 Ohmann, 
if a small ball of steel-wool be sprinkled with antimony, or, according to R Bottger, 
with Dutch metal, and then plunged into chlorine, it is ignited at ordinary temp 
Observations were also made by M Rosenfeld G Tammann and co-workers 
exammed the rate of attack of iron by the halogens W Guertler and T Liepus 
found that iron is attacked m less than eight days by chlorine water H E Fierz 
David discussed iron and lodme as chlorine earners m the chlorination of benzene 
derivatives T Andrews observed that dry bromine, like dry chlorine, does not 
attack iron J B Berthemot found that, as m the case of chlorine, bromme does 
not act on iron m the cold, but when the vapour ot bromme is passed over heated 
iron wire or turnings, J B Berthemot, A Scheufelen, and J von Liebig observed 
that combination, accompanied by a vivid glow, occurs The reaction was studied 
by H Gautier and G Charpy, P Hofer, L Mathesius, L Schneider, F Wust and 
N Kirpach, and A Furth, G Tammann and W Koster studied the rate of attack 
J Nickles observed that iron is attacked by an ethereal soln of bromme , 
J B Berthemot also observed that iron dissolves m bromine-water , andP Berthier 
found that a mass of graphite, iron carbides, etc remams when cast iron or steel is 
digested with bromine-water According to L Carius and J A Wanklyn, S de 
Luca, F Fischer, L B Parsons, I L Bell, G Tammann, C L Jackson and 
I H Derby, when iron is heated with an excess of iodine, ferrous iodide, not ferric 
iodide, is formed N Floresco, B L Meredith and W. G Christiansen, and 
G Tammann and W Koster studied the rate of attack of iron by lodme 
G C Fleury found that iron and lodme, m the presence of water, interact to form 
reaction is supposed to occur in stages first forming ferric 
iodide which decomposes into ferric oxide and hydrogen iodide, and the latter, 
acting on free non, forms ferrous iodide, andJ J Berzelius, and P Berthier noted 
that a mass of graphite, iron carbides, etc , remams when cast iron or steel is digested 
vntn iodine- water Y A Kistyakovsky and I V KrotofE studied the corrosion 
°* 1 *? n "y iodine vapours L B Parsons observed no reaction with iron and iodine 
m true presence of carbon tetrachloride, carbon disulphide, chloroform, quinoline, 
pynorne, heptane, ethyl benzene, and benzene in which ferrous iodide is insoluble, 
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but a slow reaction occurs in alcohol, ether, and acetone in winch the ferrous iodide 
is slightly soluble H E Fierz-David observed that iron associated with io din e is 
a powerful catalyst in the chlorination of benzene derivatives A Schukareff, and 
R G van Name and co-workers studied the rate of dissolution of iron m an aq soln 
of iodine and potassium iodide J T Dunn showed that glycerol retards the 
reaction W Engelhardt studied the action of an aq soln of lodme on the hydrosol 
of iron L B Parsons found that whilst an alcoholic, ethereal, or acetone soln 
of iodine reacts with iron, the metal is not perceptibly attacked by soln of 
iodine m carbon tetrachloride chloroform, carbon disulphide, quinoline, or 
pyridine 

0 Ruff and H Krug observed that chlorine tnftuonde reacts with iron with 
incandescence G Gore observed that reduced iron develops no hydrogen in dry 
liquid hydrogen fluonde at -7° to -18° According to C Poulenc, hydrogen 
fluoride slowly attacks reduced iron at a red-heat, formmg ferrous fluonde , a soln 
of the same salt was obtained by C W Scheele, J J Berzelius, and 0 Ruff and 
E Ascher by dissolving nron m a soln of hydrofluoric acid— Irv drogen is at the same 
time evolved G Gore found that dry, liquid hydrogen chlonde does not attack 
iron F Durau and 0 H Teckentrup showed that the absorption of hydrogen 
chloride is a chemical process According to F Wohler and J von Liebig, and 
P Junius, ferrous chloride is formed when hydrogen chlonde is passed over red-hot 
iron filings R E Wilson and W H Balke,K A Hofmann and F Hartmann, and 
C Matignon examined the action of hydrogen chloride and oxygen on the metals 
P A von Bonsdorff noticed that air containing traces of hydrogen chlonde quickly 
corrodes iron C H Desch, and A de Waele discussed the action of hydrogen 
chloride m flue gases derived from the combination of coal containing chlondes 
CJ R Evans observed that in air containing traces of carbon dioxide and hydrogen 
sulphide, the metal remamed “ dry ” m the ordinary sense of the term , m hydrogen 
chloride, the specimens lost their lustre, and acquired a whitish grey, frosted appear- 
ance, and they remamed “ dry,” but on exposure to damp air, water was absorbed 
and the surface became covered with a damp, brown rust Hence, so long as 
hydrogen chlonde is m excess, ferrous chlonde is formed, but on exposure to air, 
this is oxidized to hydrated feme oxide, and feme chloride which attracts moisture 
making the surface appear “ damp ” 

When iron is dissolved in hydrochloric acid, a soln of ferrous chloride is formed 
and hydrogen is evolved Fe+2HCl=FeCl 2 +H 2 — a reaction studied by F Isam- 
bert, etc Measurements of the speed of the reaction were made by C M Guldberg 
and P Waage m 1867 H Kreusler observed that iron reduced from the oxalate 
and then melted in vacuo is not perceptibly attacked by boiling hydrochloric acid , 
but B Lambert and J G Thomson found that the hydrogen is liberated bnskly 
even when electrolytic iron of a high degree of purity is employed , T Encson- 
Auren and W Palmaer, and M Centnerszwer and co workers stated that pure 
metals do not dissolve in acids, and H Moissan found that finely-divided pure iron 
dissolves m acids without residue A Thiel and J Eckell showed that with non- 
homogeneous metal, the parts where the homogeneity is interrupted are the centres 
of attack W Palmaer found that electrolytic iron dissolves more slowly at 25° 
than does grey cast iron , the respective velocities are 0 0145 and 1 5 , P Nicolardot, 
that a soln of hydrogen chlonde in absolute alcohol dissolves iron without the 
evolution of hydrogen A de Hemptmne observed that the heat of dissolution is 
modified a little in the presence of a magnetic field G Tammann and K BochofE 
found that when dil sulphunc acid or hydrochlonc acid acts on iron, m a closed 
vessel, the reaction comes to an end before all the metal is dissolved The potential 
of the metal becomes electronegative owing to the dissolution of hydrogen by the 
metal , the hydrogen also becomes more electronegative The embnttling of iron 
by the absorption of some of the hydrogen during the action was indicated above 
The action of hydrobromic acid was studied by A J Balard, and it resembles that 
of hydrochlonc acid , and likewise also with hydnodic acid. W Palmaer found 
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that tnere ib a well defined period of induction which, at 25°, varies with the tone 
of the acid, thus 

0 jA 0 4 \ 0 2/S, u l \ Hci 

l^enod of induction 100 150 2i 0 260 130 minutes 

F J R Carulla, and E Probt showed that hydrochloric acid is particularly 
active m its attack on cast iron J M Weeren made similar observations with respect 
to the action of acids on iron as were made with respect to zinc T Turner observed 

that cast irons containing large flakes of gra 
phite are more susceptible to attack by acids 
than is the case with close grained, white cast 
iron Hence, white cast iron is better for use 
in acid resisting plant Cast irons low m phos 
phorus, and close-grained, withstand acids very 
well It is assumed that ferrite is more readily 
attacked by acids than are the carbides, so 
that the resistance of white cast irons is attn 
buted to the carbides Grey cast irons are 
more porous, and 0 Krohnke observed that 
when white cast iron is immersed in acids, the 
ferrite is dissolved, whilst the graphite, cementite, and phosphide remain m statu 
without disturbing the original, outward shape of the mass The carbides are 
more readily attacked by alkalies than is ferrite The subject was studied by 
M Ballay, and W Palmaer H Endo observed that 5 hrs’ exposure of iron, at 
25°, to the action of hydrochloric acid of different cone resulted m the following 
losses — Fig 331 — expressed m grams per sq cm 

HCI 5 20 40 50 55 65 73 90 per cent 

Loss 0 000950 0 002313 0 007150 0 010348 0 014150 0 000825 0 000377 ml 
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Fig 331 — The Action of Hydro 
chloric and Nitric Acids on Iron 


Y Utida and M Saito, W Guertler and B Blumenthal, Y Yamamoto, H Edwards, 
and H Endo and K Nakawaga also studied this subject W H Hatfield measured 
the solubilities of different forms of iron, and of iron alloys m cone hydrochloric 
acid of sp gr 1 18 Cylinders of the metal approximately 0 5m diam , and 


weighing 50 grms , were immersed m about 85 c c 

of acid, at 15° The losses stated 

m grms per sq cm in 24 hrs , were 





2/ HCI 

o per cent 

2o per cent 

50 per cent 

Cone HCI 

Electrolytic iron 0 0085 

— 

— 



0 0860 

Armcoiron 0 0116 

— 





0 1385 

English wrought iron 0 1416 

— 

— 

— 

0 2217 

(15° 

0 0490 

0 1367 

01842 

— 

Steel, 0 29 140° 

0 0866 

0 4088 

0 6107 

— 

per cent C j 60° 

0 0879 

0 4042 

0 8341 

— 

O 

O 

00 

0 0928 

0 4112 

0 7356 

— * 


G Tammann and F Neubert s results with steel containing different proportions 
of carbon are summarized in Fig 332 3 6IY-HC1 was employed The results are 

taken to support the theory of local elements 

W Palmaer studied the action of In drochlonc acid on grey pig-iron, and 
obtained the results indicated m Fig 333, at 25° The velocities are expressed m 
terms of the changes m the e m f of the metal There is a well-marked period of 
induction, and it was found that the presence of potassium, ammonium, or 
magnesium chloride had very little influence on the results With /me, the addition 
of zinc salts depresses the speed of the reaction m a marked way, but with grey pig- 
lron, the effect of ferrous salts is insignificant W Bauhuis found that both polished 
amt rough electrolytic iron are active m hydrochloric acid, and thit the metal 
characteristic rates in acids of different concentrations, and there is 
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a -well-defined period of induction The addition of halides retard the rate of dis 
solution, and this the more, the higher the at wt of the halogen , oxidizing agents 
accelerate the speed of dissolution m the acid H 0 Forrest and co-workers studied 
the initial rate of corrosion H Endo observed that the presence of oxygen dis- 
solved m 0 05 per cent hydrochloric acid raises the rate of dissolution of iron over 
seventy times what it is m the absence of oxygen, and with 5 0 per cent acid, over 



Fic 132 — The Effect of Carbon on the 
Solubility of Iron in Hydrochloric Acid 



Fic 333 — The Action of Hydrochloric 
Acid on Grey Pig Iron 


fifteen times The subject is fuither discussed m connection with the corrosion of 
iron JAN Friend reported that specimens of cast iron and mild steel, measuring 
45x08x0 65 cm, and weighmg about 22 grins , were immersed m 500 c c of 
hydrochloric acid for 8 hrs at 17°, under comparable conditions, and that the 
losses were 


HC1 0 N 2N 4A bA 7 N 8A 9A 10A T 

Cast iron 0 009 10 67 14 61 19 45 19 36 17 22 15 78 14 29 9 03 

Mild steel 0 0053 0 612 0 786 0 968 1 957 3 31 5 38 9 94 13 27 


As m the case of sulphuric acid (q v ), the rate of dissolution of cast iron nses to a 
maximum and mcreasmg concentrations of acid, and then falls With mild steel, 
the rate of dissolution rises steadily as the concentration of the acid increases 
F Schmitz found that with pieces of steel containing 0 06, 0 42, and 0 92 per cent 
of carbon and 20x20x10 mm with a 4 mm hole, lost respectively, 1 130, 1 140, 
and 0 511 per cent m 180 hrs m dil hydrochloric acid (1 10), and m cone acid, 
respectively, 23 070, 19 750, and 14 340 per cent 

J T Conroy measured the effect of varying the concentration of hy drochlonc acid, 
and found that with soln containing [HC11 grms per litre, the rates of evolution 
of hydrogen mcc per hour were 

[HC1] 25 50 150 200 250 300 350 grms per litre 

H 5 8 5 15 30 85 250 470 c c per hour 

As the cone of the acid increases in arithmetical progression, the rate of action 
over a considerable range increases m a geometrical progression, so that the 
rate of dissolution is doubled for each increase of 30 grms of HC1 per litre m 
the acidity of the soln Observations on the action of acids on iron were made 
by C F Burgess and S 6 Engle, K Daeves and co-workers, V Duffek, 
M Faraday, JAN Friend, R Gans and co-workers, A Geissel, L F Girardet 
and T R Kou, H G Haase, W H Hatfield, E Heyn and 0 Bauer, 
W H Johnson, G B Jones, J Keir, P Kotzschke and E Piwowarsky, J Priestley, 
F W Richardson, W D Richardson, J Sauvageot and L Lauprete, J W Shipley 
and co-workers, J B Trommsdorff, G Walpert, H W Webb, W G Whitman and 
R P Russell, and R E Wilson R Girard found that with soln of sulphuric, hydro- 
chloric, carbomc, and carbolic acids with a concentration less than 0 IN , polished 




318 


INORGANIC AND THEORETICAL CHEMISTRY 


steel and cast iron plates are similarly attacked W G Whitman and co workers 
observed that with carbonic and hydrochloric acids, the results were somewhat 
similar, as illustrated by Fig 334, for with a H -ion cone less than 0 000001, or 
#h= 6, the curves of attack comcide G Tammann noted that cold-work increased 
the speed of dissolution of iron m dil acids L McCulloch found that if a rubber 
band be wrapped tightly round a piece of soft iron, and the whole left m dil hydro 
chloric acid for a few weeks, the pitting is greatest beneath the rubber, showing that 
the acid attacks the metal m the capillary spaces be 
tween the metal and rubber more vigorously than it 
does on the exposed surfaces — mde infra, the corrosion 
of iron U R Evans and J Stockdale showed that if 
a small cathodic current be applied to iron whilst the 
metal is immersed in a pickling acid, the attack is re- 
duced 

The effect of temperature is such that the rate of 
dissolution is nearlv doubled for each 10° rise of temp 
with acids havmg between 25 and 216 grms HC1 per 
litre A Sieverts and P Lueg found that the dis 
solution of iron m hydrochloric acid at 78° is approxi 
mately proportional to the cube of the cone of the acid The temp coeff 
of the rate of dissolution is 2 0 to 2 3 per 10° between 50° and 78° W S Cal- 
cott and T C Whetzel, and J T Conroy found that the logarithm of the rate of 
dissolution of iron in acids is a lmear function of the temp Observations were also 
made by J R Baylis W Palmaer found that there is a maximum m the effect 
of temp of the speed of dissolution of grey cast iron m hydrochloric acid of various 
concentrations There is no complication by the formation of a passive film The 
high temp coeff of the reaction is due to the change m the viscosity of the soln 
which permits the rapid removal of ferrous chloride soln from the surface of the 
metal The temp coeff increases with increasing cone of acid , and the addition 
of ferrous chloride scarcely affects the velocity of the reaction According to 
A Thiel and W Ernst, the difference observed between the quantity of gas evolved 
during the spontaneous dissolution of a metal m acids, and the quantity evolved 
when the metal is in combination with another metal serving as cathode, depends 
entirely upon the resistance of the liquid medium 

According to O P Watts and N D Whipple, a reduction of pressure favours the 
dissolution of iron and zme in acids, and E W Greene and O P Watts found that 
a reduction of press lowered the rate of corrosion m amalgamated zin c by removing 
depolarizing oxygen, and with unamalgamated zme m the absence of oxygen, or 
amalgamated zme, a reduction of press accelerated the action by facilitating the 
escape of hydrogen gas W Rohn found that m 10 per cent , cold hydrochloric acid, 
punfied, un ann ealed iron lost 0 12 grm per sq dm in 1 hr and 0 5 grin in 
24 hrs , and 33 8 grms per sq dm in 1 hr in the hot acid The action was less 
vigorous with annealed iron Observations were made by W Guertler and 
T Liepus, and B Kindt C Barns showed that the rate of dissolution of steel wire 
hardened by drawing is greater than is the case with soft metal M A Rozenberg 
and Y A Yuza, and L V Plsarzhevsky found that a magnetic field retards the action 
of the acid on iron 

0 P Watts and N D Whipple found that the addition of hydrogen dioxide 
quickens the attack of hydrochloric acid J T Conroy observed that the presence 
of arsenic in the acid retards its activity, and if the quantity is large enough to 
cover all the iron with a film of arsenic, the reaction, at ordinary temp , may be 
stopped According to O P Watts and co workers, the protective effect of arsenic 
is due to polarization by hydrogen, and this is in accord with the observation 
that the corrosion of the protected iron is stimulated by oxidizing agents — e g 
^drogw dioxide observed by E Salkowsky, A Quartaroli, and O P Watts and 
N D Whipple , and that the arsenic does not protect the iron from corrosive 
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agents — eg ferrous salt soln — which do not evolve hydrogen by their action 
A S Dwight mentions a case of acid corrosion by water containing sulphuric acid 
derived from the oxidation of smelter fumes, which was stopped by the addition of 
arsenic to the water E Heyn and 0 Bauer, and C F Burgess and S 6 Engle 
showed that although arsenic in the acid retards the attack by sulphuric and hydro- 
chloric acids, arsenic in the iron favours the attack According to H H Gray and 
M B Thompson, the nitrogemzation of iron increases its resistance to attack by 
hydrochloric acid, and this the more with low-carbon than with high carbon steels 
G Batta, and R C Griffin observed that the rate of attack of hydrochloric acid on 
wrought iron, cast iron, and steel is greatly retarded if 1 per cent of formaldehyde 
be present H J Pnns found that the presence of a reducible substance like 
nitrobenzene or benzaldehyde accelerates the rate of dissolution of iron m acids , 
and M B Rane and M Prasad found that alkaloids — narcotine, nicotine, and 
brucine — retard the action of hydrochloric acid A Sieverts and co-workers found 
that m the action of sulphuric and hydrochloric acids on iron, ferrous sulphate, 
methyl sulphate, ammonium chloride, tetramethylammomum chloride, choline 
hydrochloride, and taurine have no inhibiting effect Potassium cyanide, caffeine, 
theobromine, connne, pyramidone, pyridine, atropine, quinoline, woquinokne, and 
codeine had a slight inhibiting effect Nicotme, veratrme, cocaine, and cinchonine 
were more effective, whilst a- and jS naphthaqumolmes, strychnine, brucme, narco 
tine, and quinine were very effective The most effective mhibitant was an 
44 extract 55 consisting of the ether soluble basic constituents of crude anthracene 
It was found that the amount of inhibition was much the same m both acids, but 
with theobromine, nicotine, cinchonine, narcotme, and quinine, the inhibiting effect 
was more marked in hydrochloric acid The authors conclude that all compounds 
containing pyridine nitrogen are more or less effective mhibitants For slight 
amounts of poisoning, an mcrease of temp reduces the inhibition for larger 
amounts, it has no effect 0 Vogel said that nitrogen nng compounds generally 
retarded the reaction A Sieverts and P Lueg proposed the empirical formula 
(K 0 —K c )/K=<kP, where K 0 is the rate of soln with no poisoning, K c is the rate 
of soln at poison cone c, and a and 6 are constants depending on the nature of the 
poison The formula breaks down if more than about 75 per cent of the inhibiting 
agents is present — mde infra , sulphuric acid G Walpert attributed the inhibition 
to adsorption by the metal 

In agreement with A Sieverts and P Lueg, A Krieger found that the rate of 
diss olution of iron in 62V-HC1 at 78° is proportional to the surface of the metal If 
the metal has been annealed at a red-heat, the rate of dissolution is depressed If 
l denotes the length of the wire , the velocity constant , and N , the normality 
of the acid 
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The rate of dissolution of the iron m acid increases approximately with the fifth 
power, N*, of the concentration The retardation m the rate of dissolution by 
a-naphthaquinoline and a-chrysidine is in agreement with A Sieverts and P Lueg s 
formula The retardation is dependent on the mol wt and on the constitution of 
the “ poison ” Amongst substances of the same mol wt but of different constitu- 
tion, some — e g a-naphthaquinoline — are very poisonous , whilst other isomeric 
forms — e g acridine — are non-poisonous even with cone of 2 millimols per htre 
Increasing the size of the molecule with substances of like chemical constitution 
greatly reduces the toxicity--e g chrysidme is less poisonous than naphthaqumo- 
line Very small additions of a-naphthaqumolme and of a- and p-chrysidme 
accelerate the dissolution of iron m 62V-HC1 — e g with up to a millimol of chrysidme 
per litre , consequently, the concentration-velocity curves show a maximum for 
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small concentrations On increasing the “ toxic dose,” the curves show a decline 
and afterwards a remarkable rise for a short stretch Thus, with a-chrysidme and 
6iV HC1 at 78 2° 

a Chrysidme 0 0 125 0 25 0 50 10 2 0 millimol per litre 

100£ x 61 9 63 5 62 6 62 5 63 3 58 4 

There is a very marked induction period with chrysidme According to J A Aup 
perle, the presence of antimony chloride inhibits the action of hydrochloric acid on 
iron , and, according to C F Burgess, arsemc acts similarly , whilst W D Richard 
son observed no acceleratmg influence was produced in the action of hydrochloric 
acid, though 0 P Watts and H C Knapp observed that corrosion is stimulated by 
the presence of these salts C Moureau and C Dufraisse showed that the tendency 
of various easily oxidized substances to combine with oxygen may be reduced or 
multiplied by the addition of a third substance m very small proportion 
W Palmaer, and J G A Rhodm discussed the application of the facts to the 
corrosion of iron and steel 

H H Gray and M B Thompson found that the greater the carbon content of 
steel, the less is its resistance towards hydrochloric acid — vide infra , nitrogen The 
subject was studied by K K Jarvmen, F Schmitz, and L Aitchison T Turner 
observed that when cast iron is attacked by dil acids, the iron is first dissolved, the 
carbides and phosphides being more resistant , with alkaline corrosion, however, 
the impurities are first dissolved, and iron is dissolved last A J Hale and 
H S Foster found that at temp between 17° and 20°, plates of cast iron and 
wrought iron having 1 sq dm of area exposed, lost respectively 3 0 and 0 17 grm 
with a litre of 0 2AT-HC1 for 4 hrs , respectively 18 2 and 19 0 grms with half a 
litre of the same acid per day for 7 da} s , and respectively 2 9 and 3 3 grms during 
28 days’ exposure in half a litre of acid U R Evans observed that iron in contact 
with 1 3N-TLOI slowly gave ofl hydrogen, but if a piece of nickel was m contact with 
the iron, the gas came off more quickly, but copper and tin did not have any appreci- 
able effect W D Richardson found that grey cast iron containing graphite 
is attacked by JV-HC1 much more quickly than open hearth iron of a higher degree 
of purity, but the corrosive action of the acid on the latter is greatly increased if 
a trace of a platmum salt be added so as to produce metallic platinum in. contact 
with the iron This treatment had no acceleratmg influence on the corrosion of 
cast iron Thus, with plates 15 sq cm , open hearth iron and cast iron lost respec 
tively 0 12 and 8 7 grms per hr m N HC1, and respectively 10 5 and 8 8 grms 
per hr m N HG1 along with a trace of platmum salt C F Burgess and S G Engle 
found that the loss m grams per sq inch per hour, at 22°, on a 17-hr run, with 
JV-HC1, was 0 2146 grm with electrolytic iron , 0 0083 grm with electrolytic 
iron heated to 1000° and slowly cooled , 0 0095 with soft sheet iron, low in carbon, 
used for transformer plates , 0 0026 grm for tempered steel used m the manufacture 
of knife-blades , and 0 1058 grm for ordinary cast iron E L Nichols, and 
H A Rowland and L Bell mvestigated the action of a magnetic field on the dis- 
solution of iron m acids G Berndt, and S S Bhatnagar and co-workers found that 
the dissolution of iron m hydrochloric acid is reduced by a magnetic field, and 
F K Bell and W A Patrick found that copper m contact with iron decreases 
the speed of soln m acids, but not so with platmum or silver 

The early observations on the peculiar nature of the gases evolved when cast 
iron, or steel is treated with hydrochloric acid or sulphuric acid, have been indicated 
in connection with iron carbide — 5 39, 20 The hydrogen which is evolved is 
accompanied by the vapour of a malodorous oil or oils, as by arseniuretted, phos- 
phuretted, and sulphuretted hydrogen, and possibly also methane F A Abel 
and W A Deenng showed that the combmed carbon of steel furnished hydro 
carbon gases when dissolved m hydrochloric acid, and the reaction was studied 
by S Cloez, H Moissan, F Mylius and co-workers, H Hahn, E Heyn and co 
workers, etc R Schenck and co-workers found that with 
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Cast iron (2 5 per cent C ) Steel 




Hardened at 1150° 

Hardened at 780 


Cemenute Pearhte 

Cementite Austenite 

Cementite 



Martensite 

Mirtensite 

Methane 

1 02 

3 53 

3 19 

Ethane 

0 10 

0 50 

0 45 

Ethylene 

0 27 

0 50 

0 47 

Propylene 

7 08 

24 37 

25 21 

Butylene 

400 

10 25 

0 08 

Amylene 

1 25 

3 36 

4 20 

Hexene 

1 15 

4 37 

5 21 

Octene 

0 80 

102 

3 3b 

Carbon 

78 04 

38 82 

42 10 

Loss 

6 29 

1128 

6 37 


L 6 Knowlton said that the presence of depolarizers — potassium permanganate, 
nitric acid, chlorine, etc , prevent this reaction F Osmond and J Werth found 
that in the anodic dissolution of annealed steel m dil hydrochloric acid, a skeleton 
of graphite is formed According to V Tantm, the phosphorus m iron slowly 
forms phosphine during the action of the dil acid , and, according to G Craig, 
and H Bocholl, part of the sulphur forms hydrogen sulphide J L Proust passed 
the gases through alcohol, and separated the oil which was arrested b) diluting the 
alcohol with water , A Schrotter collected the oil by passing the gas through dil 
sulphuric acid The solid residue which remamed undissolved consisted of a mixture 
of graphite, iron carbides, amorphous carbon, and also silicon, etc This residue 
has been examined by A E Jordan and T Turner, W A Tilden, B Sandrock, 
C J B Karsten, J Hull,J Percy, E Prost, J J Berzelius, B Kosmann,C E Schaf 
hautl, J F Darnell, and F Kohn, and it appears to be related with the product 
which is obtained when cast iron has been exposed for many years to the action of 
sea-water — vide infra 

A D White found that aq hypochlorous acid slowly attacks iron with the 
evolution of both hydrogen and chlorine , whilst a soln of bleaching powder attacks 
iron with the evolution of oxygen , and G N Quam, H P Pearson, 0 F Hu nzik er 
and co-workers, and H W Young and A W Peake examined the corrosive action 
of soln of bleaching powder H P Pearson found that iron is energetically 
attacked by a soln of sodium hypochlorite W S Hendrixson observed that dil 
and cone soln of chloric acid attack iron — the metal is dissolved without the 
evolution of hydrogen, and the chloric acid is reduced W S Hendrixson found 
that perchloric acid is not reduced by iron G- Lunge and A Deggeler examined 
the corrosion of iron by aq soln of potassium chlorate E Bottger observed that 
finely divided iron burns vigorously m heated potassium chlorate , and M Honig, 
that it likewise burns in heated potassium perchlorate — the violence of the reaction 
can be reduced by diluting the chlorate with sodium carbonate The reaction was 
studied by E Berger According to A Connell, iron dissolves m a boiling soln 
of iodic acid, forming a ferrous lodate 

Iron has a strong affinity for sulphur, and the two elements readily combine 
y ith incandescence when heated to redness — vide infra , iron sulphides The affinity 
of the two elements was studied by E Schurmann, t) 0 Schumann, E F Anthon, 
E Wmderlich, K Jellinek and J Zakowsky, J Zakowsky, E V Britzke and 
A F Kapustinsky, and W Guertler Manganese had the greatest affinity for 
sulphur, then followed Cu, Ni, Co, Pb, Ag, and Sb Iron comes between copper 
and lead C Frick compared the heats of formation of the metal sulphides, 
and found that alu miniu m and magnesium come before iron According to 
J G Gahn, J L Proust, J J Berzelius, and A E\am, when sulphur is m 
contact with a red-hot bar of iron, the elements unite to form a fusible iron 
sulphide E Hare found that if sulphur be heated to redness m the gun-barrel 
of a muzzle loader, closed at one end, the vapour of sulphur escapes at the nipple, 
and a piece of iron wire held m the vapour burns with a bright light to form 
the sulphide according to G C Wmkelblech, if a small piece of potassium or 

VOL XIII ' 
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sodium be placed at the end of a piece of iron wire, ignited, and plunged into 
the vapour of sulphur, the metal burns, forming iron sulphide N Lemery 
observed that if a paste be made with water and a mixture of equal parts of 
iron filings and sulphur, the mixture becomes so hot that it can be scarcely 
held in the hind If several pounds of the mixture be buried in the ground, the 
earth is raised and burst asunder — Lemeri/s volcano — as the iron is sulphurized 
N Lemery based a theory of volcanoes on this reaction 0 Ohmann observed 
that iron powder reduced at a low temp ignited spontaneously m sulphur vapour 
G T amm ann and K Schaarwachter found that the attack of iron by sulphur begins 
at about 210°, and mcreases rapidly up to 500° W P JorissenandC Groeneveld 
discussed the velocity of propagation of the reaction m mixtures of iron and sulphur , 
and W P Jonssen and B L Onglnehong added that the upper hunt of the reaction 
with mixtures of iron, alutmnium, and sulphur is approximately 43 per cent of 
iron and 57 per cent of a mixture of 62 5 per cent aluminium, and 39 5 per cent 
of sulphur The action of sulphur on metals was also examined by E Pnwozmk, 
A Colson, and 0 Bauer and H Arndt H Schmidt, and A E Wood and co workers 
studied the corrosion effects of sulphuric acid sulphur compounds— mercaptans, 
alkyl sulphides and sulphites, sulphonic acids, sulphoxides, sulphones, and thiophene 
— dissolved m naphtha 

The binary system Fe-S, and the ternary system Fe-S-C, have been studied 
by H Hanemann and A Schildkotter, G Eitzau, E Yogel and G Eitzau, and 
others— vide infra, iron sulphides There is a ternary eutectic in the system 
Fe-FeS-Fe 3 C at 975° There are three kinds of crystals — binary solid soln of 
iron with carbon, cementite, and iron sulphide W F Holbrook and <$6 workers 
studied the diffusion of sulphur m molten iron 

According to C J B Karsten, the action of sulphur on iron is very detrimental, 
so that proportions which can scarcely be determined by analysis make the metal 
red short The presence of 0 03375 per cent , for example, made the metal red 
short, and prevented its bemg welded C J B Karsten also said that sulphur 
expels carbon from iron at a high temp , so that spiegeleisen, sat with carbon, and 
melted with sulphur in a crucible, caused a separation of carbon as a sooty deposit 
on the under-surface of the resulting ferrous sulphide Sulphur also turns grey 
cast iron white This phenomenon interested J Percy, who concluded that when the 
sulphur m cast iron exceeds 2 5 per cent , the co existence of graphite is impossible, 
and the metal is necessarily white W J Keep questioned if the evil effects 
attributed to sulphur are ail deserved, but T D West, and J Eoberts did not 
agree The former found that 0 2 per cent of sulphur is enough to rum any casting , 
and the latter stated that in some cases 0 214 per cent greatly affected the strength 
If manganese is absent, the sulphur helps to keep the carbon as carbide producmg 
hard iron, while if a high proportion of manganese be present, manganese sulphide 
Will be formed, and the hardening effect will be neutralized F Wust, and 
W J Keep showed that the presence of other elements may affect the action of 
sulphur , thus, silicon may correct to some extent the deleterious action of sulphur 
H I Coe showed that silicon neutralizes the action of the sulphur by forming a 
silicon sulphide The subject was discussed by A Hayes and H E Flanders, 
J Mehrtens, H S Eawdon, and J 0 Arnold and G E Bolsover F Wust and 
J Mmy observed that the formation of graphite is affected by sulphur according 
to the proportion of manganese present , with sufficient manganese, the effect of 
the sulphur is neutralized — thus, the presence of 0 30 per cent of manganese will 
prevent the hardening effect of 0 20 per cent of sulphur M Hamasumi noted 
that with a low proportion of manganese, Bnnell’s hardness steadily rose as the 
proportion of sulphur increased from 0 019 to 0 196 per cent E Piwowarsky 
found that with a low proportion of manganese, the sulphur should not exceed 
008 to 0 10 per cent , and M Hamasumi said that up to 0 1 pec cent did no harm 

Ihe subjeet was studied by E Adamson S G Afanaseff A Allison, J 0 Arnold and 
G B Waterhouse, F E Bachman, A A Blair and P W Shimei, G K Burgess J B Cabot, 
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free sulphide The pearlite arrest is at 695° J E Stead investigated the cooling 
curve of iron with 2 98 per cent combined carbon, no graphite, 0 29 per cent of 
manganese, 1 89 per cent silicon, 0 27 per cent sulphur, and 1 62 per cent phos 
phorus The arrest at 1149° is the primary f p where the separation of austenite 
begins , that at 1074° is due to the breaking up of the iron carbon eutectic into 
cementite and austenite , that at 945° is due to the freezing of the ternary eutectic 
of Fe-P-0 , and that at 773° is due to the formation of pearlite G Tammann 
md W Salge studied the residues left after treating the metal with an acidified soln 
of ammonium persulphate H Sawamura, and F Roll observed that sulphur 
partly favours and partly hinders the separation of graphite m cast iron 

With less than 0 8 per cent of sulphur, D M Levy found no sulphide in the 
pearlite areas representing primary austenite, but it is found m the eutectic 
separatmg between 1120° and 1130°, and J E Stead also observed the 
Fe(Fe 3 C)-Fe(FeS) eutectic D M Levy thought the films of sulphide help to 
preserve the carbide from dissociation J E Stead showed that m the absence of 
manganese some sulphur crystallizes with the carbide, and that it is that portion 
of sulphur which crystallizes with the carbide which is mainly responsible m 
preventmg the separation of graphite and in making the carbide stable The 
nature of the sulphide constituents of iron were discussed by E Heyn, R Baumann, 
G J Ward and A H Longden, H Schottky, E Blanchi, P Oberhoffer, and P Ober- 
hoffer and A Kmpping J H Andrew and D Bmme found that sulphur may be 

retamed m soln by iron when a molten lron- 


M r-p-T [ | oarc ~\ 28 sulphur alloy is rapidly chilled, and the de- 
66 - — Reduction 36 | position of iron sulphide occurs on re-heatmg 

M ^ =F ' ~ ~ ~ 34 |pi8 the alloy above 900° If manganese sulphide is 

32 § soluble m iron, the solubility is very small In 

I — 30 the case of oxygen associated with sulphur, 

58 I W JW 28 1$ J J Poiter > E D Campbell, and H leChatelier 
I S L ^ and M Ziegler attributed the red shortness to 

5i 'kLL}\ ~ ^ 24 ^ ^ the presence of an iron oxysulphide F Osmond, 
% J' A Carnot and E Goutal, J O Arnold and 

0025 0075 025 0175/S ® ^ G B Waterhouse, J O Arnold and G R Bols- 

Fig 335 — The Effect of Sulphur on 0Ve *’ an f ® ^ohl studied the 

th* Mechanical Properties of Iron system JB eS-MnS, and observed the formation 

of a manganese iron sulphide FegM^Sg 
J E Stead, D M Levy, J E Hurst, W H Hatfield, and H I Coe showed that if 
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manganese is present it combines with the sulphur to form manganese sulphide, 
and thus neutralizes its effects W H Hatfield concluded that sulphur mcreases 
the stability of iron carbide at high temp , and thus hinders the bre aking down of 
the carbides during the cooling of the metal It is probable that the small per- 
centage of sulphide associated with the carbide crystals accomplishes this action 
H I Coe’s inference that the sulphur separates as sulphide at the f p is not strictly 
correct, since a certain proportion is retamed by the cementite carbide The action 
is chemical, not mechanical, as suggested by D M Levy E D Campbell, 
J O Arnold, and H le Chatelier and A Ziegler made observations on the diffusion 
of sulphur in solid iron J 0 Arnold demonstrated the presence of ferrous sulphide 
m a mild steel free from manganese , and he also demonstrated the presence of 
manganous sulphide m mangamferous steels The pale brown ferrous sulphide 
exists mainly m the form of sectional meshes, but sometimes occurs m the globular 
form Manganous sulphide has a dove grey colour, and exists almost exclusively 
as globules J O Arnold and G B Waterhouse found that manganous sulphide 
is plastic at a yellow-heat J E Stead doubted if the alleged manganous sulphide 
la really such , and J 0 Arnold and G R Bolsover indicated the probable existence 
m liquid commercial steels of an eutectic of ferrite and manganous sulphide which 
has a high f p JO Arnold found that the sp gr of steel is reduced from 7 8478 
to 7 6903 as the proportion of sulphur mcreases from 0 03 to 0 97 per cent 
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E Piwowarsky showed that sulphur definitely tends to harden iron, and the effect 
increases with the rapidity with which the iron is cooled J S Unger measured 
the mechanical properties of iron with 0 09, 0 32, and 0 51 per cent sulphur, and the 
results for 0 51 per cent of carbon are summarized m Fig 335 The tensile strength 
and elastic limit are expressed in kilograms per sq mm , the elongation and 
reduction m area in percentages , and the impact test by the number of impacts 
required for fracture by a weight of 990 kgrms falling 4 8 metres A Wimmer, 
and K Tamguchi also made observations on this subject 

A Holtz found that sulphur has very little influence on the magnetic properties 
of iron , but F Goltze, and H F Parshall said that it reduces the magnetic pro- 
perties of cast iron According to H von Juptner, the sulphur m iron and steel 
may occur in different forms (i) A compound which is decomposed by dil acids, 
liberating hydrogen sulphide — J 0 Arnold and H J Hardy, F H Williams, 
L Schneider, G Hattensauer, etc , add that if proper precautions are taken, all 
the sulphur may be converted into hydrogen sulphide even when copper is present 
(n) A compound which on treatment with dil acids liberates volatile methyl 
sulphide, (CH 3 ) 2 S — F C Phillips, E Prost, E Franke, W Schulte and L Campre 
don, A Barraud, D M Levy, 0 Hertmg, T Naske, F Bischoff, G T Dougherty, 
etc (m) In a form which under certain conditions remains behind m the 
undissolved residue as an organic compound The two latter forms may represent 
decomposition products of ore The sulphurous residue was examined by 
L L de Konmck, C R Fresemus, E Prost, H Rocholl, etc Its presence has 
been attributed to three causes (a) the presence of cuprous sulphide insoluble in 
hydrochloric acid — F Bischoff, (b) a graphitic residue — T Turner, and (c) an 
organic compound which volatilizes with difficulty, and which may be distilled off 
by prolonged boiling with hydrochloric acid — F C Phillips G N Huntley 
discussed sulphur as a cause of the corrosion of steel 

K Oma observed that sulphur m electrolytic iron may be derived from tne 
electrolyte or anode — vide supra J H Nead, and C H Herty noted that molten 
iron absorbs sulphur from furnace gases containing sulphur dioxide H Caron 
observed that when manganese is added to cast iron cont ainin g sulphur, some 
sulphur is eliminated, and J Massenez based a process for the desulphurization of 
iron by this reaction The iron sulphide forms manganese sulphide which rises 
through the metal and joins the slag E H Samter showed that iron is desul- 
phurized by adding calcium chloride or fluoride , E Wilke-Dorfurt and H Buchholz, 
by fluorides , W Zieler, by zirconium , and B Bogitsch, and J E Stead demon- 
strated that sulphur is removed during the puddling process by the highly basic 
iron slag P P Berg and M S Pshonik, G Tammann and H 0 von Samson- 
Himmels fcj erna studied the desulphurization of steel with the alkaline earth oxides, 
and with the oxides of lead, zinc manganese and iron In molten cast iron, part 
of the sulphide may float on the surface as scum H H Beeny, 0 Bettendorf and 
N J Wark, E Blanchi, J Ciochma, E W Colbeck and N L Evans, W Denecke 
and T Meierlmg, E Wilke-Dorfurt and co-workers, G A Drysdale, H H Ebert, 
L F Girardet and co workers, K Hilgenstock, E J Lowry, J Mehrtens, 
R T Rolfe L Scharlibbe, and A de Vathaire studied the desulphurization of 
iron by fluorspar, calcium chloride, soda-ash, lime, and rock salt , and 4. Possenti, 
by acidic and basic slags According to T Turner, the small percentage of sulphur, 
rarely over 0 08, m foundry iron, is due to the conditions governing the blast- 
furnace operations These conditions — temp , composition of burden and slags-— 
are conducive to the retention of silicon, but not to the absorption of sulphur by 
the iron Only a very small proportion of the sulphur m the charge is found in 
the molten non J E Stead confirmed T Turner’s observations on this subject 
J Ciochma discussed the effect of hydrogen in the process of desulphurization 
J E Stead pressed smooth bromide paper soaked with 3 per cent sulphuric 
acid over the polished metal, washed the print to remove acid, then immersed it 
m a soln of sodium thiosulphate to remove the excess of silver , and then was e 
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and dried the paper Broyn stains showed the presence of manganese sulphide 
This auto sulphur printing, as it is called, was devised by R Baumann for determining 
the distribution of the sulphide constituents L E Benson, J Durand, E Heyn, 
D M Levy, S Maeda, M Niessner, P Oberhoffer and A Snipping, H Patsch, 
F Rogers, H J van Royen and E Ammermann, and H Schottky studied the 
process The presence of sulphur m iron and steel is generally regarded as favour 

able to corrosion, as m S Wemwurm’s experiments 
with steel plates containing 1 08 per cent of sulphur 
and 0 2 per cent of manganese According to 
A L Baikoff, the sulphur m good steel is present as 
manganese sulphide, and m S Vemwurm s specimen 
there was not sufficient manganese to unite with all 
the sulphur 

If the steel contams sulphides which have segre 
gated, the heterogeneous metal may favour the de 
velopment of local galvanic currents which stimulate 
corrosion, a subject studied by J W Cobb, G Gallo, 
K P Gngorowitch, H G Haase, G N Huntley, 
V Y Kendall and E S Taylerson, R Stumper, and 
S Wemwurm Sulphur may be oxidized to sulphuric 
acid, and this favours corrosion G N Huntley men- 
tioned a case of the abnormal corrosion of boiler-plates 
through the oxidation of manganese sulphide in the 
steel , R Stumper also found that the rate of corrosion 
of iron is accelerated by contact with iron sulphide , 
and G R Wood vine and A L Roberts noted that steel with segregated sulphur is 
more quickly corroded than steel free from these aggregates H Endo, Fig 336, 
found the losses in grams per sq cm , during 5 hrs’ attack at ordmary temp , with 
iron contammg 0 34 to 0 42 per cent of carbon, and 

Sulphur 0 106 0 313 0 544 0 730 1 001 1 60 3 28 5 38 per cent 

rH£0 4 0 01306 0 01755 0 02929 0 03454 0 09146 0 15872 0 19447 0 25976 



Ftg 336 — The Corrosion of 
Iron Sulphur Alloys by 
Acids 


Loss < HC1 0 01107 
^HN0 3 0 03491 


0 01252 
0 04949 


0 01668 
0 06108 


0 02080 
0 07792 


0 03061 
0 08025 


0 06559 
0 13332 


0 09149 0 13657 
0 18383 0 20657 


A E Wood and co workers, L Tronstad and J Sejersted, and H Schmidt studied 
the corrosion of steel by soln of sulphur, and of sulphur compounds m naphtha 
W Guertler and T Liepus observed that iron is attacked by soln of sodium 
sulphide in less than 24 hrs C van Brunt found that sodium xanthate forms i 
protective him of ferrous sulphide 

According to L N Vauquelm, iron m an aq sob of hydrogen sulphide in 
contact with air liberates hydrogen and turns black Iron decomposes dry hydrogen 
sulphide J B Fournier and F Lang observed that liquid hydrogen sulphide had 
no perceptible action on iron at ordmary temp for 11 years, or m 15 days at temp 
up to 60° J B Peel and P L Robinson found that hydrogen sulphide reacts 
with iron above 350°, forming ferrous sulphide S C Bntton and co-workers, 
J M Devine and co-workers, E Dittnch, U R Evans, H J French, H Gruber, 
W P Jorissen and B L Ongkiehong, F J Kavser, H Schmidt, A Schulze, 
R Stumper, G Tammann and W Koster, A White and L F Marek, and 
R E Wilson and W H Balke studied the rate of attack of iron by hydrogen 
sulphide P A von Bonsdorff, F Hanaman, and U R E\ans found that- air 
contammg traces of hydrogen sulphide rapidly corrodes iron L Biener, and 
F Eisenstecken and L Biener studied the mechanism of the sulphunzation of 
iron b) hydrogen sulphide L W Vollmer and B B Westcott attributed the 
embrittlement of steel wire-rope, by hydrogen sulphide, to the absorption of hydrogen 
developed by the reaction H2S+Fe==FeS-f-2H nascent — vtdemfra C Menzel noted 
that a pump dealing with natural bnne was much corroded by the hydrogen 
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sulphide in soln , and C van Brunt found a pump dealmg with a sulphide soln 
was protected from corrosion by the formation of a him of sulphide — vide infra , 
and also the action of coal-gas on iron J Jahn observed that with iron m contact 
with hydrogen sulphide, at 

100 lo4 203 259 318 414 

Iron 588 5 582 4 591 2 580 7 591 2 735 8 mgrms 

Gam m weight 03 04 09 17 48 13 8 

and H Gruber observed with pieces of iron 60 X 12 x 13 mm , 

700 800 000 1000 

Gam m weight 0 76 5 5 10 0 destroyed 

A E Wood and co-workers studied the action of soln of h}drogen sulphide m 
naphtha , and E Rupp, the optical properties of films formed by hydrogen sulphide 
on iron E BeutelandA Kutzelnigg studied tlie surface films produced bv heatmg 
the metal m contact with the sulphides of copper, silver, mercury, and lead 

According to A Lange, and A Harpf, sulphur dioxide when dry has no action 
on iron, even at 100°, but m the presence of moisture the metal is slightly attacked 
The action of sulphurous acid was examined b y F Schmitz, and B Neumann and 
E Goebel F Durau and C H Teckentrup found that the absorption of sulphur 
dioxide by electrolytic iron is a chemical process According to U R Evans, 
when iron and steel are exposed over water sat with sulphur dioxide, the metals 
become dark, and m 24 hrs , black The filter-paper on which the sample^ rested 
acquired a rust brown stain The metal is soon covered with a > ello wish-brown 
hydrated ferric oxide H Schiff, T N Morris, M T Burton, W H Hatfield, 
and F Hanaman also studied the action of sulphur dioxide L Losana and 
G Reggiam found that a mixture of 10C02+4C0 2 +20 2 +48N 2 +traces of S0 2 
-(-traces of hydrocarbons, saturated with water vapour at 16° to 20°, is more 
corrosive than air J Jahn observed that iron m contact with sulphur dioxide, at 
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200 

250 

300 
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P Chirvmsky said that the reaction 3Fe+S0 2 =FeS-|-2Fe0 is exothermal and 
proceeds from left to right at fairly low temp A C Halferdahl calculated the 
free energy of the reaction 3Fe-h2802=Fe 3 0 4 -l-S 2 to be —61,000 cals at 600°, 
and —26,700 cals at 1400° , and for 4Fe-f-3S0 2 =2Fe 2 0 3 -fl^S 2 , —76,200 cals 
at 600° and —18,100 cals at 1400° F Schmitz found that the losses with 
sulphurous acid by 0 06, 0 42, and 0 92 per cent carbon steel, 20 x 20x10 mm 
with a 4 mm hole, were respectively 20 630, 2 580, and 1 940 per cent during 
180 hrs 5 attack J Rothe and F W Hmrichsen studied the action of sulphurous 
acid on iron A Lange found that liquid sulphur dioxide has little action on iron 
at ordinary temp , but under compression, or m the presence of moisture, the 
corrosion is appreciable The corrosive action of town air, the air of railway 
tunnels, and smoke, all contaminated with sulphur dioxide, was discussed by 
R C Brenner, A W Carpenter, A S Cushman, S L Foster, L de Gaetani, 
S W G riffin and W W Skinner, 0 Haehnel, P Longmuir, D Meneghmi, E A and 
L T Richardson, S Rideal, J Rothe and F W Hmrichsen, P Siedler, and 
W H J Vernon The corrosive action of sulphurous acid on metals was studied 
by J Uhl, and P Schweitzer P Nicolardot studied the action of the acid on 
iron H J Braun observed that wrought iron is sufficiently resistant to the 
action of fluosulphomc acid at 0°, 130°, and 150° that it can be emplov ed for the 
retorts m manufacturing the acid H Moissan and P Lebeau found that sulphuryl 
fluoride has no action on iron even at a red-heat F Wohler said that liquid 
sulphur monochlonde acts slowly on iron, but H E Patten observed no reaction , 
the subject was discussed by R Dittmar, P Nicolardot, B W Dunn, and 
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E H Harve\ E Baudrimont found that boiling sulphur monochloride slowl> 
attacks iron reduced by hydrogen, forming ferric chloride P Nicolardot said 
that the presence of nickel, silicon, chromium, or tungsten makes the iron more 
resistant to the attack N Domamcky found that the presence of ether accelerates 
the attack of iron by sulphur monochlonde H B North found that sulphtiryl 
chloride acts on iron at an elevated temp , forming crystals of ferric chloride , and 
E Fromm observed that a soln of sulphuryl chloride m absolute ether does not 
act on iron H E Patten observed that with thionyl chloride, iron is coated 
black H B North and A M Hageman found that in sealed tubes at 150° to 
200°, with thionyl chloride m excess, the reaction can be symbolized 
2Fe-f4S0Cl 2 ==2FeCl 3 +2S0 2 4-S 2 Cl 2 and if the metal is in excess 
3Fe+2S0Cl 2 =2FeCl 2 +FeS+S0 2 K Oma gave 2Fe+2S0Cl 2 =2FeCl 2 +S+S0 2 
The action of sulphuric acid on iron resembles in many respects the action of 
hydrochloric acid — mde supra , hydrochloric acid It was discussed by J W Priestley 
at the beginning of the nineteenth century, and later by C J B Karsten, and 
others — mde g 39, 20 Sulphuric acid in all stages of dilution attacks iron , and in 

the case of the dil acid, hot or cold, hydrogen is evolved , but, accordmg to M Ber 
thelot, the cone acid furnishes hydrogen in the cold, and at temp exceeding 160° 
sulphur dioxide is the mam product E H Adie said that sulphur dioxide appears 
at 220°, and that no hydrogen sulphide is formed P Hart found that the finely 
divided metal at 200° yields sulphur dioxide with sulphuric acid of sp gr 1 75 
A Ditte studied the products of the reaction with the cone acid OWE Powell 
observed that the slow action of the cone acid on iron at 25° to 30° furnishes 
ferrous sulphate— mostly anhydrous — sulphur dioxide, hydrogen, and water , and 
C E Fawsitt and OWE Powell found that at 180° the sulphur dioxide which 
is evolved contains a small proportion of hydrogen sulphide, but no hydrogen 
In general, cold or hot 61 per cent acid furnishes hydrogen , but at higher con- 
centrations sulphur dioxide, hydrogen sulphide and sulphur are formed The 
92 per cent acid has very little action on iron the action increases with increasing 
dilution , at 130 to 150° the 92 per cent acid furnishes hydrogen and sulphur 
dioxide the proportion of hydrogen decreases as the temp rises to 250° Sulphur 
begins to separate at about 210° H Endo found that the effect of oxygen dis- 
solved m the acid is practically negligible with 95 per cent sulphuric acid, but 
with decreasing concentration of the acid the effect increases until, with a 5 per 
cent acid, the rate of corrosion is over fourteen times as fast as it is with a soln 
free from dissolved oxygen Observations were made by M Ballay, S C Bate, 
C F Burgess and S G Engle, W H Creutrfeldt, G Delbart, A Ditte, V Duffek, 
JAN Friend and J H Dennett, E Girard, L F Girardet and T E Kou, 
M Centnerszwer and M Straumams, J J Healy, Y N Kojhevnikoff, J Zamaron, 
y Gjwriler and T Liepus, W H Hatfield, G W Heise and A Clemente, 
A d Heureuse, A Larsson,B Sandrock, J Sauvageot and L Lauprete,F E Thom- 
son, W M Thornton and J A Harle, Y Utida and M Saito, G W Whitman and 
co-workers, M Schunkert, and Y Yamamoto The speed of the dissolution of 
uon m dil sulphuric acid was studied by 0 M Guldberg and P Waage, 
G Tammann and F Neubert, and A de Hemptmne H Bablik compared the 
speeds of attack by sulphuric and hydrochloric acids C Bizio discussed the 
action of fuming sulphuric acid on iron H Endo found the loss m grams per 
sq cm during 5 hrs’ action, at 25°, to be 
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C G Fink and 0 M Decroly found that the loss of electrolytic iron in milligrams 
p^: sq dm per 24 hrs , with sulphuric acid of the percentage concentration 
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J I Crabtree and G E Matthews observed a loss of 11 4 grms per 100 sq m per 
day in 5 per cent sulphuric acid W Bauhms observed that electrolytic iron 
dissolves m sulphuric acid of different concentrations with characteristic velocities , 
there is a well-defined period of induction, which is more marked than is the case 
with hydrochloric acid Both the smooth and rough metal dissolve actively , 
cathodic polarization makes no appreciable difference to the rate of dissolution, 
but anodic polarization passivates the metal The addition of hydrochloric acid 
to sulphuric acid lowers the speed of the reaction, and the addition of halides to 
the sulphuric acid lowers the speed of dissolution of the metal, as is also the case 
with hydrochloric acid The addition of oxidizing agents accelerates the speed 
of dissolution of the metal W Palmaer found that the period of induction is longer 
the slower the speed of dissolution of the metal The subject is further discussed 
in connection with the corrosion of iron G Tammann and co workers observed 
the effect of the hydrogen press on the rate of dissolution of iron m sulphuric acid 
F Schmitz found that the losses with 0 06, 0 42, and 0 92 per cent carbon 
steel, 20x20x10 mm with a 4 mm hole, m sulphuric acid (1 10), were, respec- 
tively, 1 560, 2 740, and 54 920 per cent durmg 180 hrs , and with cone acid 
lespectively, 0 130, 0 145, and 0 110 per cent B Garre studied the effect of cold- 
work — torsion or tension — on the solubility of iron m dil sulphuric acid, and 
some of his results are summarized m Fig 337 W Koster represented the in- 
fluence of quenching and annealing on the solubility of iron with 0 1 per cent of 
carbon m dil sulphuric acid by Fig 338 According to A J Hale and H S Foster, 



Twists 


Fig 337 — The Effect of Torsion on the 
Solubility of Iron m Dilute Sulphuric 
Acid 



Quenching or anneahrg t**ipera£urr 


Fig 338 — The Effect of Heat treatment 
on the Solubility of Iron m Dilute Sul 
phuric Acid 


with a sq dm of cast iron and wrought iron, at 17° to 20°, and 0 22V-H 2 S0 4 , the 
losses were respectively 2 8 and 0 35 grms with a litre of acid m 4 hrs , respectively 
16 0 and 17 0 grms with half a litre of acid per day for 7 days , and 3 2 and 
3 3 grms with half a litre of acid m 28 days 

B Lambert and J C Thomson found that the purified metal is very little 
affected by cold, dil sulphuric acid, but dissolution readily occurs when the acid 
is warm Cone sulphuric acid has very little action on cast iron, hot or cold, 
provided access of air is excluded, for the moisture absorbed would dilute the acid 
and make it act more strongly G Lunge investigated the subject, and found 
with various samples of cast iron at 20°, 100°, and 295°, the average losses, grams 
per sq cm per hour, were respectively 0 021, 0 095, and 0 113 with an acid of 
sp gr 1 840 , at 20°, 100°, and 200°, with an acid of sp gr 1 710, 0 018, 0 149, 
and 2 096 grms , and at 20°, 100°, and 147°, with an acid of sp gr 1 530, 0 026, 

0 300, and 1 564 grm$ The general results showed that all acids down to sp gr 

1 530 have very little action on cast non at ordinary temp , the action is stronger 
at 100°, and still more pronounced at the b p of the acid With monohydrated 
sulphuric acid the losses m grams per sq cm with cast iron and wrought iron were 

0 062 and 0 056 respectively in 6 days at 20°, and respectively 0 015 and 0 095 m 

2 hrs at 100° Wrought iron is more susceptible to attack than cast iron, but at 
ordinary temp it resists cone sulphuric acid down to a little below a sp gr of 

1 7000 If moisture be absorbed from the air the acid may become more dilute, and 
a strong corrosive action may occur R Kmetsch obtained the following losses, 




INORGANIC AND THEORETICAL CHEMISTRY 


in grins per sq metre per hour, during 72 his’ action at 18° to 20° 
exclusion of air 


with the 
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This shows that whilst dil sulphuric acid readily attacks cast iron, the cone acid 
does not attack it to any great extent until the acid exceeds the cone represented 
b\ H 2 S0 4 Thus, R 0 Davis found that the acid of sp gr 1 45 is very corrosivej 
the metal is but little attacked by an acid of sp gr 1 49, and the action is m 
appreciable with an acid of sp gr 1 50 to 1 55 With wrought iron, however, all 
concentrations are active until the cone exceeds that required by the formula 
H 2 S0 4 by some 27 per cent Hence, added R Kmetsch, whilst cast-iron vessels 
are suitable for the preparation of hydrated sulphuric acid, it is dangerous to 
employ them for the fuming acid W H Hatfield treated cylinders of iron, approxi 
mately 0 5m diam and weighing about 50 grms , with about 85 c c of acid at 
15°, and expressed the losses in grms per sq cm per 24 hrs , he found 
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0 4958 
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Many other observations have been made on the relative resistance of cast iron, 
wrought iron, and steel to sulphuric acid — eg by J Aston and 0 F Burgess, 
G Delbart, H Edwards, U R Evans JAN Friend, JAN Friend and 
C W Marshall, L Gruner, E Heyn and 0 Bauer, and J Sauvageot and L Lau- 
prete — mde infra, corrosion L Aitchison, T Andrews, P Bardenheuer and 
K L Zaven, 0 Bauer, R A Hadfield and J A N Friend, P Kotzschke and 
E Pwowarsky, E Piwowarsky, W Schreck, and T Turner studied the influence 
of carbon H Endo showed that with steel havmg from 01 to 1 3 per cent of 
carbon, the rate of action increases almost linearly with increasing proportions of 
carbon F Robin found that the solubility of steel m dil sulphuric acid increases 
with the temp of forging For high carbon steels, the m ax i m um is at 300° , and 
with soft steels, 100° to 200° The solubility diminishes rapidly with steels forged 
between 400° to 600°, and attains a minimum at 700° with soft steeH, and at 800° 
with hard steels For the effect of cold-work — twisting or bending — on the rate 
of dissolution of the metal, vide infra 

F J Darnell, and W H Johnson found that both iron and steel frequently 
become brittle after exposure for i short time to acid attack, and D Sevoz, and 
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0 Reynolds attributed this to the presence of occluded hydrogen , and J H Andrew 
added that the hydrogen is absorbed by the intercrystallme cement and the result- 
ing expansion forces the crystals apart and reduces their cohesion — bide %nfra 
A Ledebur observed that cast iron is not so sensitive as wrought iron, possibly 
owing to the altered solubility of hydrogen , when the container is m contact with 
f nmm g sulphuric acid, it is liable to burst or disintegrate, often with a loud noise 
It is assumed that the acid penetrates the pores of the metal, liberating sulphur 
dioxide, hydrogen sulphide, and even carbon dioxide, which remam in the metal 
under high press , ultimately leadmg to ruptuie The sulphur dioxide and hydrogen 
sulphide can be detected in the fractured metal by their odour A C Cumming 
also noted a s imil ar disruption with cast-iron vessels containing a mixture of 
sulphuric and nitric acids It was concluded that crystals of salts forming m the 
interior of the iron were responsible for the disruption T F Bamgan found that 
cast-iron pipes and malleable castmgs fiequentl} crack, without corrosion, after 
long exposure to sulphur trioxide fumes Amorphous silicon allo\ ed with iron is 
rapidly oxidized by 15 per cent oleum, but not by 96 per cent sulphuric acid 
Silicon carbide is not affected The cracking is attributed to the effect of internal 
strains due to the increase m vol of the particles of silicon when oxidized to silica 
JAN Friend gave the following results for the effect of increasing concentra- 
tions of sulphuric acid on mild steel and grey cast iron under comparable conditions 
The specimens measured 45 x 08 x 0 65 ems, they weighed 22 grms , and were m 
contact with 500 c c of acid for 8 hrs at 15°, when the losses were 


H 2 S0 4 0 

Cast iron 0 0245 

Mild steel 0 0083 


0 5 N N 2 N 
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0 334 0 524 0 765 


3 N 4A T 5 N 

10 47 9 90 9 5 

0 994 1 241 1 566 


Tie attack on cast iron rises to a maximum and tien falls , the cone of the acid 
producing the maximum effect varies with different varieties of cast iron The 
rate of dissolution of steel rises steadily with the cone of the acid, and shows no 
maximum in the range examined J E Stead attributed the fall m the rate of 
dissolution of the cast iron to the formation of a protective layer of sulphate which 
is not dissolved by the cone acid This agrees with the results of A Larsson, 
but it does not explain why the same phenomenon does not occur with steel 
M P Applebey and S H Wilkes, and L McCulloch also attributed the passmti 
of iron m sulphuric acid to a film of sparingly -soluble sulphate M Mugdan said 
that the resistance of iron to cone sulphuric acid is due to its ass uming the 
passive state (qv) GW Heise and 1 Clemente observed that iron becomes 
passive in sulphuric acid when 10 grms potassium dichromate per litre are present 
m 0 52V-H 2 S0 4 , 50 grms per litre in JV-H>80 4 and in 2A H 2 S0 4 a passive state 

was not attained , , , , . 

L Aitchison found that the effect of carbon m steel exposed to 1 per cent 
sulphuric acid is such that the losses in grams per 100 sq cm in 77 days in the 
dark are as follow, and similarly with 10 per cent sulphuric acid during 45 days 
action in the dark 
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A Sieverts and P Lueg observed that the inhibitory agents discussed above 

m connection with hydrochloric acid act similarly with sulphuric ^ 

mendations have been made at various times to retard the evolution of hydrogen 
acid mist — in the picking of iron by an acid, and prevent the embrittlement of 
the metal by hydrogen Thus, S E Grove recommended nitre-cake sumac and 
water S W Gr iffin , 1 per cent of formaldehyde and hydrochloric acid, 

tTbJv tfooTdS&m, jU* I*, 0 Vogd 1 to a K «* rfajoto- 

eene residues? waste sulphite lye, crude anthracene, products obtained m the dry 
distillation of coal, and quinolinic derivatives, H N Holmes, 0 2 per cent of 
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formaldehyde, benzaldehyde, furfural, and acetaldehyde , and J G Schmidt and 
H R Lee, thiourea and substituted ureas 0 P Watts found that with 19 per 
cent sulphuric acid, at 30°, HC1, HBr, HF, Na 3 As0 4 , As 2 (S0 4 ) 3 , KF, KBr, KI, 
NH 4 C1, Nad* HgCl 2 , HgS0 4 , SnCl 2 , Na 2 Sn0 3 , Cr 2 (S0 4 ) 3 , MnCl 2 , hydroqumone, 
and resorcin acted as retarding agents , KN0 3 , KC10 3 , CuS0 4 , AgNO s , Ag 2 S0 4 , 
HgN0 3 , Cr0 3 , CrCl 3 , K 2 Cr0 4 , K 2 Cr 2 0 7 , Bi 2 (S0 4 ) 3 , KMn0 4 , and PtCl 4 acted as 
accelerating agents , whilst K 2 S0 4 , (NH 4 ) 2 S0 4 , H 3 B0 3 , Sb 2 (S0 4 ) 3 , and citric acid 
had no perceptible effect W H Creutzfeldt noted the retarding action of various 
organic substances, tar, oil, etc , and W S Calcott and I E Lee, of thiophenol, 
thio ft naphthol, benzylmercaptan, isoamylmercaptan, or isopropylmercaptan in 
proportions of the order of 0 03 per cent The subject was discussed by I Apati, 
H Bablik, G Batta and E Leclerc, E L Chappell and P C Ely, G W Emlen, 
J E Hansen and G S Lindsay, M Omerz, H Pirak and W Wenzel, F H Rhodes 
and W E Kuhn, A Sieverts and P Lueg, F N Speller and E L Chappell, 
H Staley, H Sutton, K Taussig, A D Turnbull, and J C Warner According 
to A JD Turnbull, carbohydrates like sugar or starch have a good influence on 
retarding the action of dd sulphuric acid on iron With cellulose, there is a 
reaction between water C 6 H 10 O 5 +H 2 O=C 6 H 12 O 6 , and the cellulose acts as 
an inhibitor J G Schmidt and H R Lee observed that thiourea acts as an 
inhibitor of the action of sulphuric acid on iron The Newport Co found that 
I per cent or less of thiourea or its substitution derivatives prevents or retards the 
action J C Warner found that the rate of dissolution of iron m an aq soln may 
be diminished not only by substances which produce passivity at anodic areas, 
but also by substances which increase the hydrogen overvoltage at cathodic areas 
This inference is supported by observations on the effect of gelatin, petroleum 
bases, and coal tar bases on the rate of dissolution of a low carbon iron m dil 
sulphuric acid and on the hydrogen overvoltage at the metal surface m this soln , 
but aniline and quinoline, which definitely retard dissolution, actually lower the 
hydrogen overvoltage measured at 10 mill iamps per sq cm Overvoltage measure 
ments at lower current densities might remove this anomaly 0 Yogel found 
many nitrogen rmg compounds act as retarders F H Rhodes and W E Kuhn 
examined the inhibitory action of some heterocyclic compounds of nitrogen on the 
attack of iron by sulphuric acid 

Tolurdine, triethanolamine, aniline, pyridine, picohne piperidine, lutidme collidine, 
8 hydroxy quinoline, quinoline phenylqmnolme 2 methj. lqumolme (qumaldme) crude 
quinaldme 6 methylquinolme, 2 4 dimethylquinolme, pyrrole acridine, diquinolj 1 
diqmnolylmethane dimethyldiqumolyl, naphthoqumolme, methylacridme, 3,6 diamino 
acridine, phenylacridme 3,6 dimethyl 2 7 diammoacndme ethyl chloride 3,6 dimethyl 
2,7 methyldiaminoacndine hydrochloride, benzidine, a naphthylamine, phenyldmaphth 
acndine, a p dinaphthaendine fluorenenaphthacridme, /?,£ dinaphthacndme a,a di 
naphthaendine and diphenanthracndine 

They concluded that the inhibitory effect increased with the mol wt and also 
with the introduction of a methyl, phenyl, or ammo group Thus, in such a senes 
as pyndine-qumoline acndine the increase in the number of rings m the molecule 
was accompanied by a regular increase m effect, and m the series pyndine lutidme 
picolme-collidine the introduction of a single additional methyl group increased 
the inhibiting action of the compound by nearly 25 per cent Hydroxyl groups 
decreased the inhibiting action, and the most efficient of all the compounds studied 
were those containing several alkyl and ammo groups substituted in an acndine 
nucleus , thus, 3 7-diammo-2 8-dimethyl-acndmum ethochlonde and hydro 
chlonde The addition of a specific inhibitor to an acid electrolyte increased the 
film resistance, and it is indicated that the protective action is due to some specific 
property of the observed film and not solely to the mcreased resistance offered 
L Heubronn used an inhibitor, a peptone and formol , J H Gravell and A Douty, 
a thiocyanate , J H Gravell, anhydroformaldehydeamhne, thiocarbomhde, or 
thionex , L J Chnstmann, tetramethvldiammodiphenyl disulphide , J G Vignos, 
sulph&ted arylthiazole compounds , and E I du Pont de Nemours, a product of 
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the action of an aldehyde and an amine, and carbon disulphide, e g CH 3 CO H, or 
C 6 H 5 NH 2 and CS 2 M Hartmann and W Klarer used as inhibitors of the reaction 
the products obtamed by condensmg aldehydes, ketones, and suitable acid chlorides 
like phosgene with aromatic ammo or mtro compounds with subsequent reduction, 
e g diammodiphenylmethane, diammoditolylmethane, and diammonaphthyl- 
methane, or the correspondmg symmetrical and unsymmetncal, primary or 
secondary nitrogen-substitution products, eg i, 4'-tetramethy Idiammodiphenyl 
methane Further, they employed the correspondmg products which may be 
obtamed with acetaldehyde, or acetone mstead of with formaldehyde, ketones 
such as 4, 4 / -tetramethy ldiainmobenzophenone, also the tnphenylmethane, or, 
quite generally, the leuco-compounds of the triarylmethane dyes containing ammo 
groups, such as leuco crystal violet, or leuco malachite-green, or the correspond 
mg quaternary ammonium bases of all these compounds T W Bartram and 
D H Tomkins, and J G Schmidt used a complex aldehyde, L B Sebrell, 
trithioformaldehyde 

G Walpert found that the rate of dissolution of iron and the electrode m 
8N-H 2 S0 4 was depressed by the addition of hydrochloric acid, and the period of 
induction is augmented The rate of dissolution of the iron in cone sulphuric 
acid is depressed more by the addition of iodides than with bromides, and with 
bromides more than with chlorides The effect with dii sulphuric acid is small 
The addition of the aliphatic acids also retards the rate of dissolution, and this m 
the ordei formic acid, acetic acid, propiomc acid, and butyric acid Substances 
with a high mol wt , like gelatm and methyl violet, also reduce the speed of the 
reaction The phenomena are attributed to the adsorption of the foreign substance 
on the surface of the metal being dissolved 

The effect of the inhibitor qumolme ethiodide on the evolution of hydrogen 
from \anous kinds of iron, and also the cathode potential was studied by E L Chap- 
pell and co-workers The results on the evolution of hydrogen from steel m 
N-. H2SO4 with different proportions of qumolme ethiodide, at 60°, are indicated m 
Fig 339, and the effect on the cathode potential of Armco iron at 25°, m Fig 340 



hie 339 — Ihe Effect of Inhibitors 
on the Evolution of Hydrogen 



Cathode density - mdUamp persq cm 
1 10 340 — The Effect of Inhibitors on 
the Cathode Potential 


The inhibitor has little effect on the anode potential, and a marked effect on the 
hydrogen overvoltage It is therefore concluded that the effect produced is the 
result of cathode reactions With a constant density of 10 imlh amperes per sq 


cm , N- H 2 S0 4 , and soln with 0 0 and 0 4 grm qumolme ethiodide per litre at 25°, 
the following cathode potentials, E volt, and increases m the overvoltages were 
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E L Chappell and co workers also observed the eSect of various inhibitors, 0 70 
grm per litre, on the e\olution of hydrogen — % c c per sq cm per minute— with 
N H 2 S0 4 and steel , as well as the cathode potential, E volt, with a current density 
of 9 1 milhamperes per sq cm , at 60° 
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The effect of alkaloids like brucme on the overvoltage of metals was indicated by 
J I Crabtree, and M le Blanc , organic quinine and quinoline bases, by A Mazzuc 
chelli , colloids like gum and gelatine, by N Isgarisheif and S Berkmann, and 
C Mane and R Audibert, and arsenious acid, potassium cyanide, hydrogen 
sulphide, brucme, and quinine, by N Isgarisheff and E Koldaeva 

W Rohn showed that with 10 per cent cold sulphuric acid, purified, unannealed 
iron loses 0 06 grm per sq dm m 1 hr , and 1 1 grm m 24 hrs , and 21 7 grms 
per sq dm are lost m 1 hr in the hot acid The attack on annealed iron is less 
vigorous According to G J Burch and J W Dodgson, iron m contact with 
silicon m sulphuric acid of sp gr 1 84 hastens the dissolution The resistance to 
sulphuric acid offered by iron containing silicon, etc , was discussed by A Ricevuto, 
R Irmann, D F McFarland and 0 E Harder, F Schmitz, L Aitchison, etc — 
vide the corrosion of iron and steel C E Fawsitt and A A Pam observed that 
with 5 grms of steel exposing a surface of 36 sq cm , at 30°, for 28 days, the average 
vol of gas evolved in c c per hr per sq dcm of steel surface, and the loss of 
weight m grams m 28 days, were 


H 2 S0 4 97 4 94 0 90 9 89 i 87 9 85 0 80 0 per cent 

Vol m*f no shaking — 0 27 031 0 06 0 28 0 30 25cc 

shaking 0 17 1 46 2 07 0 24 0 89 0 89 4 94 c c 

Loss wt shaking 0 099 0 861 1 222 0 140 0 523 0 526 2 915 grms 


According to W D Richardson, grey cast iron, containing graphite, is more 
readily attacked by Y-H 2 S0 4 than open hearth iron, but the corrosion of the latter 
is greatly accelerated if a trace of platinum salt be added so as to produce a little 
platinum m contact with the iron The losses m grams per hour, from plates 
15 cm square, at 16°, with open hearth iron and cast iron, were respectively 0 76 
and 8 9 grms without platinum, and 15 5 and 9 6 grms with platinum 
W D Richardson observed that with normal acids at about 16°, the average 
attack per hour 


Copper steel (0 1 per cent Cu) 

Open hearth iron 

Bessemer steel 

Puddled iron 

Grey cast iron 

White cast non 

Malleable iron 

Semi steel 

Cast steel 


H 2 S0 4 

(First 20 hrs ) 
0 09 to 0 23 
0 30 to 0 08 
0 27 to 0 34 

0 39 to 1 03 
4 82 to 4 87 
2 03 to 2 12 

1 56 to 2 91 
4 06 to 4 18 
0 6b to 1 03 


H2SO4 

(Second 20 hrs ) 
0 00 to 0 03 
0 02 to 0 05 
0 01 to 0 09 

0 06 to 0 86 

3 99 to 5 02 

1 77 to 2 33 
0 98 to I 3b 

4 26 to 5 15 
0 30 to 0 77 


1 90 to 19 8 
15 2 to 20 7 
14 7 to 20 5 
18 2 to 20*0 
50 to 88 
6 5 to 9 9 
5 4 to 6 0 
54 to 72 
1 60 to 16 5 


He also found that the action was not stimulated b} the presence of copper or silver 
salts, although 0 P Watts and H C Knapp observed that the action of the acid 
is accelerated b} the presence of these salts 0 P Watts and N D Whipple 
found that the presence of arsenic m dil sulphuric acid greatly reduces the corrosion 
for the same reason as that indicated in connection with hydrochloric acid , whilst 
the presence of hydrogen dioxide hastened the rate of attack H Anthes discussed 
the evolution of arsine under these conditions For E Heyn and 0 Bauer’s 
ob ervations on the effect of carbon m steel on the corrosion by dil sulphuric acid, 
vide %nfra , Fig 394 C E Fawsitt and C W R Powell, from a study of the 
action of sulphuric acid on iron and steel, concluded that cone sulphuric acid 
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acts at the ordinary temp on steel and on some kinds of cast iron, the products 
bemg ferrous sulphate and hydrogen with a small quantity of sulphur dioxide 
The reaction proceeds more rapidly with rise of temp , and the gaseous products 
at 180° are sulphur dioxide with occasional small quantities of sulphuretted 
hydrogen, but no hydrogen The rate is mcreased, on the average, about three 
times for each 10° rise of temp The rate of reaction depends on the cone of the 
acid, but for small dilutions the ratio of hydrogen to sulphur dioxide m the mixture 
of gases evolved remams almost unchanged Although the rate of reaction depends 
to a certain extent on the composition of the sample of iron, as mdicated by the 
large difference between steel wire and pig-iron, an important factor govermng 
the reaction with any one sample appears to be the condition of the surface of the 
iron C E Fawsitt found that at 30° with 91 5 per cent acid, steel lost m 4 da\ s 
0 068 grm , and if mercury was m contact with the steel, 0 061 grm , at 25° and 
with 91 5 per cent acid, mil days the loss was 0 134 grm , and with platinum 
and aluminium respectively m contact with the steel, the losses were 0 123 and 
0 071 grm , and with 96 3 per cent acid, at 250°, the loss was 0 048 grm m 27 
days , and if platmum and aluminium were in contact with the steel, the losses 
were respectively 0 048 and 0 055 grm C E Fawsitt and A A Pam found that 
the differences m the electrochemical behaviour show that no real similarity exists 
between iron which is slowly dissolving m cone sulphuric acid and iron rendered 
4 4 passive 55 by dipping into nitric acid The action of the acid produces a form 
of ferrous sulphate monohydrate on the surface of the iron, which causes the 
slowing down or cessation of the reaction In general, increasing dilution of the 
acid with water results m greater reactivity but certain anomalies were observ ed 
m this respect, notably that 89 3 per cent acid had considerably less action on the 
metal than 94 per cent , 90 9 per cent , 87 9 per cent , or 85 per cent acid The 
solvent effect is m all cases noticeably mcreased by shaking the \essel containing 
the acid and the metal F J R Carulla reported that cast iron nitre pots with- 
stand the action of sulphuric acid and nitrous and nitric acids m a glow mg furnace 
for months, and sometimes years J E Stead attributed this to the formation 
of a protecting layer of ferrous sulphate msoluble m the hot, cone acid The 
resistance offered by the silicon-iron and other alloys (q v ) to the action of sulphuric 
acid was discussed by J W Parkes 

J W Turrentme, and M G Levi and co-workers found that iron dissohes m 
a soln of ammonium persulphate, forming ferrous sulphate, a portion of which 
undergoes further oxidation The reaction was studied by G Tammann and 
F Neubert O Aschan and G V Petrehus found that with soln of ammonium, 
potas sium and sodium persulphates iron dissolves, forming the complex salts 
(NH 4 ) 2 Fe(S 2 O s ) 6H 2 0, K 2 Fe(S 2 0 8 ) 6H 2 0, and Na 2 Fe(S 2 0 8 ) 4H 2 0, respectively 
J I Crabtree and G E Matthews observed that iron is attacked by sodium thio- 
sulphate, and the photographic fixing bath is discoloured E Beutel and A Kutzel- 
mgg observed that with a boiling soln of sodium thiosulphate and lead acetate, 
iron acquires a sequence of colours from vellow to steel-blue owing to the formation 
of a film of lead sulphide 

C F Burgess and J Aston found that the presence of 0 017 per cent of selenium 
m iron reduced the attack by 20 per cent sulphuric acid, but increased its tendency 
to atmospheric corrosion A E H Tutton found that selemc acid dissolves iron, 
forming ferrous selenate and a deposit of selenium which hinders the action of 
the acid on the metal , no hydrogen is evolved, and the selenium is presumably 
formed by the reaction 3H 2 +H 2 Se0 4 =4H 2 0+Se , so that the resultant equation 
is 3Fe+4H 2 Se0 4 =3FeSe0 4 +Se+4H 2 0 For the action of selenium, vide the 
selenides — 10 58, 7 G Tammann and K Schaarwachter found that the attack 
of iron by selenium begms about 200°, and quickly attains a maximum speed 
The alloys were studied by H Fleek, and A L Norbury , and the effect of 
iron on the photoelectric properties, by F H Constable and A h H Ward 
For the action of tellurium, see the tellundes — 11 59, 7 G Tammann and 
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K Schaarwachter observed that tellurium begins to attack iron at about 
446 0 , and the action becomes very rapid soon afterwards N AgeeS and 
M Zamotorin studied the diffusion of tellurium m iron G B Waterhouse and 
I N Za\arine observed that steel with 0 12 per cent of tellurium has a lower 
ductility + han normal steel C E Burgess and J Aston discussed the working 
properties of iron with a small pioportion of selenium Iron decomposes dry 
hydrogen selemde, as well as hydrogen tellunde J B Peel and P L Robinson 
found that hydrogen selemde reacts with iron at 750°, formmg ferious selemde 
V Lenher found that iron when heated m a sealed tube with selenium oxybromide 
is attacked, formmg iron bromide and selenium monobromide , and V Lenher 
and C H Kao found that the metal is attacked by selenium monochlonde 

The absorption of nitrogen by iron has been discussed in connection with 
Table XLVII, and also from the point of view of the nitrides— 8 49, 12 F Durau 
and C H Teckentrup 7 showed that the ibsorption of 
nitrogen by electrolytic iron is a process of adsorption 
T Graham, and A Wehrle obtamed the gas from iron 
One group of observers — E Baur and G L Yoerman, 
G Charpy and S Bonnerot, G J Fowler, W Franken- 
burger and K Mayrhofer, A Mittasch and W Franken 
burger, H Hardtung, W Herwig, A Ledebur E B Max- 
ted, P Oberhoffer and A Beutell, I I ShukofE, 
J K Smith, C Stahlschmidt, and N Tschisohewsky — 
could not detect anv marked adsorption of molecular 
nitrogen by iron at temp ranging up to 800°, and at a 
press up to 205 atm , another group — F Bnegler and 
A Geuther, C Despretz, W A Dew and H S Tavlor, 
E Martin, E Jurisch, A F Benton and co workers, 
B Maxted, W Moldenhauer and F Groebe, A Sieverts, A Sieverts and 
Beckmann, E W R Steacie and F M G Johnson, H S Taylor and 
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R M Burns, J G Thompson and E H Hamilton, H Wolfram, and F Wust and 
J Duhr — found that nitrogen is absorbed under these 
conditions E Jurisch inclined to the opinion that the 
discordant conclusions are due to the iron absorbing 
nitrogen only at a temp exceeding 850° , G Tammann, 
to the formation of an impervious film of nitride on the 
surface of the metal , and W Frankenburger and co 
workers, to the absorption with pure iron being dependent 
on its structure, which, m turn, depends on its mode of 
preparation , it is further supposed that the nitrogen is 
absorbed only at particularly active parts of the surface 
and is thence able to pass to the interior — with com- 
mercial iron, the impurities present can take up nitrogen 
-rhe Solubility Meetly and then deliver it up to the iron E Martin’s 
results agree with those of A Sieverts, Fig 343, and not 
with those of K Iwase A Fry s results are shown m Fig 342 TJiere is another 
difference m the case of the results of E Jurisch, and K Iwabe As indicated 
previously , 8 49, 12, the percentage amount of nitrogen taken up by the metal 
at different temp is, according to E Jurisch 



05 iO IS 30 
Percent of nitrogen 

Iig 342- 

of Nitiogen m lion 


Nitrogen 
whilst K Iwase gave 


0 00158 


Nitrogen 


620 

0 00128 


030 

981 

1033 

1084 

1130 

0 02165 

0 02103 

0 02022 

0 01973 

0 01885 per cent 

722 

852° 

940 

980 

1030 

0 00207 

0 00220 

0 00285 

0 00477 

0 00687 per cent 


so that m both cases the nitrogen absorbed increases with a rise of temperature up 
to about 900°, and m the former case the amount taken up beyond 900° decreases 
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with a rise of temp , and increases in the latter case K Iwase represented his 
results by the curve shown m Fig 343, when the solubility of nitrogen in iron is 
represented as c c of gas at n p 6 per 100 grms of metal The rates of absorption 
of the gas at 850 and 980° are shown m Fig 344 The presence of increasing 
quantities of carbon lowers progressively the solubility of the nitrogen The corre- 
sponding data for the soln of nitrogen m cast iron are summarized m Figs 345 and 
346 The ra^e of absorption of nitrogen by iron was also studied bv H Braune, 
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Fig 345 — The Solu 
bility of Nitrogen 
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Fig 346 — The Bate 
of Absorption of 
Nitrogen by Cast 
Iron 


P OberhoSer and A Heger, G Tammann, and W Watson , the absorption of the 
gas was also investigated by L Cailletet, G M Eaton, A Grabe, L Jordan and 
J B Eckman, E Martin, F Rapatz, A Sieverts, J K Smith, C E Stromeyer, 
B Tazawa, N Tschischewsky, G Yalensi, and A Yillachon and G Chaudron, 
the absorption of nitrogen by alloy steels, by N Parravano and A Scorfcecci , 
the absorption of nitrogen m the electric arc between iron electrodes m nitrogen 
was observed by L Arons, J H Paterson J H Paterson and H Blair, 
H S Rawdon and co workers, W E Ruder, and E J B Willey , and the absorp 
tion of nitrogen during the cathodic spluttering of iron in nitrogen, by W Franken- 
burger and K Mayrhofer, Y Kohlschutter and T Goldschmidt, Y Kohlsehutter 
and R Muller, M Pawloff , and R Ruer and J Kuschmann 

A Sieverts, and E Jurisch observed that the quantity of nitrogen, S, absorbed 
by the metal is proportional to the sq root of the press , p mm , so that with press 
up to 1 5 atm , S—Jcp$, where h denotes the coeff of solubility C B Sawyer, 
and J H Andrew also found the rule to be valid for steel up to 200 atm press 
Molten iron absorbs nitrogen more readily than does the solid, smee, according to 
C B Sawyer, when iron is melted in nitrogen under a press of 1 to 3 atm , the 
molten metal “ spits ” during solidification B Strauss found that after the 
solidification of iron which has been melted for half an hour in nitrogen under a press 
of 1 atm , the metal retains 0 03 to 0 04 per cent of nitrogen , F Adcock observed 
that iron melted for half an hour m nitrogen at atm press , and cooled under a 
press of 1 to 2 mm , retains 0 02 per cent nitrogen , C B Sawyer, that armco iron, 
with 1 per cent of carbon melted and cooled in nitrogen at 1 to 3 atm press , retains 
0 014 to 0 036 per cent of nitrogen , and J H Andrew, molten iron, with 0 16 to 
0 6 per cent of carbon, solidified in nitrogen at 200 atm press , retains 0 25 to 0 30 
per cent of that gas K Jellinek also studied the effect of the press of the gas on 
the electrical resistance of the metal , and G B Kistiakowsky , the ionization 
potential of adsorbed nitrogen 

L Kaul found that when nitrogen acts on heated iron, a state is reached at the 
y point at which nitrogen is fixed by the release of at energy Further heatmg 
alters the conditions so that the then highly active nitrogen is no longer fixed, and 
on coolmg below the y pomt, the freed energy is again required for cohesion and 
nitrogen is given up R Lenz, and F Haber did not consider that the nitrogen in 
electrodeposited iron was derived from the air dissolved m the electrolyte The 
subject was discussed by S Epstein and co workers The absorption of nitrogen 
from air in the manufacture of steel by the Bessemer, or the open-hearth processes 
was discussed by W Koster, P Oberhofier and co workers, E H Schulz and 
R French, 0 E Stromeyer, and H E Tholander The mtnding or mtrogemzation 

VOL xhi 2 
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of steel and the case hardening of steel by nitrogemzation were discussed by 
C R Aldon, 0 F Bason, E Baur and G L Voerman, L E Benson, H Braune 
and C Bolin, F Bruhl, J H Cates, F L Coonan, R J Cowan, M Daubois, 
ROE Davis, G M Eaton, J J Egan, W Eilender and 0 Meyer, P H Emmett 
and co workers, S Epstein, H A de Fries, A Fry, L Guillet, H M Gustafson, 
0 E Harder and co workers, J H Higgins, R H Hobrock, V 0 Homerberg and 
co workers, H A de Fries, J E Hurst, M Ishizawa, B Jones and co-workers, 
A B Kmzel and co workers, A B Krnzel and J J Egan, W Koster, E Lehrer, 
H W McQuaid and co-workers, H W McQuaid and W J Ketcham, Y T Malcolm, 
W J Merten, J T Norton, E Oehman and E S Engberg, C F Olmstead, 
A Osawa and S Iwaizumi, F Rapatz, R G Roshong, F W Rowe, D Saito 
and H Okawa, S Sato, C B Sawyer, F Schmitz, L W Schuster, R Sergeson, 
A Sieverts and F KruU, E A Sjostet, J W Urquhart, A E White and 
J S Vamck, and E J B Willey T Nakayama studied the effect of various 
elements on the nitrogemzation of steel 

A Muller, and H Kramer thought that the occluded nitrogen m iron is present 
as nitride, and this view is supported by the X radiograms of mtrogenized steel 
by R Brill, 0 Eisenhut and E Kaupp, G Hagg, L R Ingersoll, A Osawa and 
S Iwaizumi, and A Pourcel G Charpy and S Bonnerot, W Frankenburger and 
co workers, and N Tschischewsky have suggested that the nitrogen is combined 
with the foreign elements associated with the iron S Sato said that the mtrogen 
is present as atomic mtrogen or iron nitride H E Tholander discussed the 
assumption that the iron is combmed with the carbon as iron cyamde, but 
H Braune favoured the nitride and rejected the cyamde hypothesis (l) because of 
the behaviour of mtndized iron towards hydrochloric acid , (n) A H Allen could 
detect no definite relation between the nitrogen and carbon-content of steel , and 
(in) H Braune, and W Giesen found that in mtridized steel the cementite is free 
from mtrogen In favour of the cyamde hypothesis, there are the observations 
of J Kirner, B Strauss, S W Miller, and W E Ruder that nitrogen is associated 
with the carbon of steel H Nishimura studied the system Fe-N 2 -H 2 For 
the effect of foreign elements on the absorptions of nitrogen — mde infra, the action 
of ammonia J Duhr discussed the absorption of mtrogen by ferroalummium, 
ferrotitamum, ferrovanadmm, ferrochromium, ferrotungsten, ferromanganese, and 
phosphor iron F Schmitz found that in molten iron, the foreign elements are 
neutral towards mtrogen E J B Willey discussed the action of activated 
mtrogen on iron 

The effect of mtrogen on the equilibrium diagram of iron was discussed by 
J H Andrew, S Brunauer and co-workers, 0 Eisenhut and E Kaupp, A Fry, 
R F Mehl and C S Barrett, J Rieber, S Sato, C B Sawyer, L W Schuster, 
B Strauss, and C Wagner and W Schottky — mde 8 49, 12 The microstructure 
of mtrogenized iron was discussed by A Fry, F Hanaman, 0 A Knight and 
H B Northrup, W E Ruder and G R Brophy, C B Sawyer, B Strauss, and 
N Tschischewsky H Braune observed that the effect of mtrogen is to decrease 
the gram-size of the crystals, and when the mtrogen-content has attained 0 2 per 
cent , the cellular structure disappears A system of lmear markings is developed 
and dark pointed needles appear — mde iron nitride H le Chateher, and B Strauss 
suggested that the needles are Neumann’s Imes G S Scott observed that twinning 
occurred in iron carburized with nitrogenous cements, and that mtrogen in steel 
favoured the y state J H Andrew agreed with this and said that Neumann’s 
lines are characteristic of mtrogenized iron J Khmer, and B Strauss observed a 
constituent resembling pearhte in mtrogenized steel , J Kirner called it flamte — 
mde cementation — and B Strauss showed that it could be distinguished by heat- 
tinting, and J Kirner, by etching with picric acid S W Miller considered that 
lie needles in welded steel were cementite, but G F Comstock showed that they 
are produced by mtrogen, and he recommended the use of an alkaline soln of 
potassium ferrocyamde to distinguish nitride from pearlite , W E Ruder and 
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G R Brophy used Stead’s phosphorus reagent , and A Fry an alkaline soln of 
sodium picrate The acicular constituent of steel tv as also studied by J H Andrew , 
W R Bean and co workers, A A Blue, H M Boylston, H Braune, H le Chateiier, 

E Colver-Glauert, G F Comstock, G F Comstock and M E Ruder, R A Hadfield, 

F Hanaman, Z Jeffries, 0 A Knight and H B Northrup, W Koster, E F Law 
and co workers, S W Miller, H S Rawdon and co-workers, W E Ruder 
W E Ruder and G R Brophy, C B Sawyer, B Strauss, and N Tschischewsky 
The X radiograms, and the lattice structure of mtrogemzed steel were studied b) 

G Hagg, S Epstein and co-workers, S B Hendricks and P R Kosting, P D Merica, 

S Epstein, A Osawa and S Iwaizumi, E Lehrer, 0 Eisenhut and E Kaupp, 
A Sieverts and co-workers, and R Brill W A Wood observed that m the 
case hardening of steels by mtridization, a surface la) er of nitrides is formed with 
distorted lattices The sp gr was studied by A Sieverts and co workers, 
F Krull, and 0 Eisenhut and E Kaupp The effects of nitrogen on the 
mechanical properties of iron, observed by N Tschischewsky and co-workers, 
were summarized m Fig 16, 8 49, 12 , and the subject was discussed by 
H L Buff, T P Campbell and H Fay, A W Coffman, R S Dean, R S Dean 
and co workers, C Despretz, W Eilender and R Wasmuht, H Fay, G J Fowler, 
H G Freeland, A Fry, T S Fuller, B Getzov, A Grabe, W T Griffiths, 
F Hanaman, I E Kontorovich, 0 E Harder and G B Todd, 0 Hengsten- 
berg and R Mailander, E C Herbert, W Herwig, J H Higgins, V 0 Homer- 
berg and J P Walstead, J E Hurst, J E Johnson, W Koster, R Mailander, 
0 Meyer and R Hobrock, N L Mochel, H A Pearson, J Petren and A Grabe, 
F Savart, F W Scott, A Sieverts and F Krull, 0 Silvestn, V N Svechmkoff, 
G Tammann, 0 I XT er and co-workers, and T Yosiki A A Noyes and 
L B Smith measured the dissociation press E Rupp studied the optical 
properties of the film of adsorbed nitrogen H Braune observed that there is an 
mcreaBe of 14 6 microhms per cm cube m the electrical resistance for 1 per cent 
of nitrogen adsorbed by iron The subject was also studied by F Hanaman, and 
E B Maxted The effect of nitrogen on the magnetic properties of iron was dis- 
cussed by H Gnes and H Esser, C Despretz, G J Fowler, E Fremy, W Koster, 
E Lehrer, E B Maxted, P D Menca,andA W F Rogstadius The decarbunza- 
tion of iron by heatmg it m nitrogen was studied by A Bramley and co-workers, 
L Forquignon, H M Howe, A Johansson and R von Seth, H von Juptner, 
E Jurisch, J Earner, P Oberhoffer and A Heger, F Schmitz, B Strauss, 
H E Tholander, H Wolfram, F WustandC Geiger, and F WustandE Sudhoff— 
vide infra, cementation No decarbunzation occurs at 1050° other than that 
depending on other gases occluded m steel, and no cyanogen was formed 
W Eilender and R Wasmuht said that as little as 0 01 per cent of nitrogen m steel 
will raise the hardness 15 per cent S Sato studied the occlusion of hydrogen by 
iron nitride , and N P Inglis and G F Lake, the corrosion of mtnded steel 
The effect of nitrogen on the corrosion of iron by dil acids was studied by 
L Guillet and M Ballay, who observed that the mtrogemzation of steels increased 
their corrodibility by 5 per cent (by vol ) sulphuric or hydrochloric acid, with the 
exception of a steel containing 4 08 per cent Ni, and 0 91 per cent Cr, the resistance 
of which towards the former acid was increased For the chromium-aluminium 
steels, cementation had the same effect 0 Hengstenberg observed that the 
mtrogemzation of the alloy steels made them more resistant to corrosion by air and 
steam, and soln of copper sulphate H H Gray and co-workers found that the 
mtroge mzat ion of mild steel rendered it almost insoluble in dil hydrochloric acid 
The resistance to attack by sea-water containing 5 per cent of 12-vol hydrogen 
dioxide, and to a mist from 20 per cent sodium chloride soln , was increased by mtn- 
dation more than by cementation, followed by tempering, especially in the cases of 
the chromium and al uminium steels This effect was even more marked with ram- 
water, especially for nickel steels Cementation slightly increased the resistance 
towards 10 per cent copper sulphate soln , but the nitride steels were scarcely 
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attacked H H Griy and M B Thompson found that the higher the initial 
proportion of carbon m a steel, the greater the loss of carbon during mtrogemzation , 
and the higher the temp of mtrogemzation, the greater the subsequent resistance 
of the metal towards hydrochloric acid 0 Niezoldi observed that copper is 
deposited on nitnded steel from soln of copper sulphate more slowly than it is on 
ordinary steel 0 Meyer found crucibles of titanium nitride attack iron slightly 
at about 1600° 

According to F Hatton, nitrogenous organic matter dissolved m water is reduced 
by spongy iron to form elemental nitrogen The action of ammonia gas on heated 
iron was considered m connection with the nitride — 8 49, 12 F Durau and 
C H Teckentrup showed that the absorption of ammonia by electrolytic iron is a 
chemical process Iron takes up nitrogen from ammonia far more readily than it 
does directly from nitrogen (4 Goie obsen ed that liquid ammonia does not attack 
electrolytic iron W 4 Dew and H S Ta> lor observed that iron at 0°, 110°, 21 8°, 
md 305° absorbs respectively 0 175, 0 0669, 0 036, and 0 0084 c c of ammonia per 
gram of metal N I Nikitm and W I Sharkoff observed that between —18° 
and 100°, powdered iron readily absorbs ammonia m accord with the formula 
a—lp'jn Near the beginning of the nineteenth century, A B Berthollet, and 
L J Thenard repoited that they could detect no increase in weight when iron is 
heated m ammonia gas, but 0 Stahlschmidt explained this result by assuming that 
the temp wa> too high J S Vamck and co workers noted the deterioration of 
steel and wrought iron pipes m hot gaseous ammonia , and R Coustal and 
H Spmdler found that iron anodes are slightly attacked by liquid ammonia 
L J Thenard, and C Despretz showed that the presence ol iron favours catalyti 
cally the thermal decomposition of ammonia J A Almquist and E D Crittenden, 
M P Applebey, A K Brewer, J K Dixon and W Steiner, ABF Duncan and 
D A Wilson, E Elod and W Banholzer, P H Emmett, W Gluud and co workers, 
C H Kunsman and co-workers, A T Larson and A P Brooks, J S Yanick and 
co workers, E Winter, P H Emmett and S Brunauer, H H Gray, E Tiede 
and E Ha\ F Czopmsky and M Wojcik, and J Zawadzky and B Modrzejewsky 
discussed iron as i catalyst in the synthesib of ammonia , md P H Emmett md 
S Brunauer, the poisonous action of water \apour on the iron catalyst Quite 
i number of obs( rvers G T Beilby and G G Henderson, H L Buff, G (harpy 
and R Bonnerot C Despretz, T G Fmzel, G J Fowler, E Jbrem>,F Hanaman, 
H Hardtung, Ct G Henderson and J C Galletly, H Herzer E B Maxted, 
A Mittasch and co-workers, H Y Regnault, F Savart, C B Sawyer, C Stahl 
schmidt, A E White, and H Wolfram — noted that when iron is heated in 
ammonia, nitrogen is absorbed , and N Tschischewsky gave for the percentage 
mcrease m weight at different temp 

200 300 400 450 500 COO 700 750 850 

N 011 3 09 10 705 11 11 10 36 8 905 4 76 0 535 0 290 per cent 

showing that with finely-divided iron, the optimum temp is about 450° — Fig 17, 8 
49, 12 T Nakayama obtained analogous results A Mittasch and co workers 
found that the reaction begins near 200°, and at 300° iron nitride is readily formed 
Observations with compact iron were made by G T Beilby and G G Henderson, 
G Charpy and S Bonnerot, P H Emmett and S Brunauer, F Hanaman, 
O A Knight and H B Northrup, A Mittasch and co workers, E Muller and 
K Schwabe, B Strauss, B Tazawa, N Tschischewsky, J P Walsted, and 
H E Wheeler E Lehrer’s observations on the equilibrium conditions m the system 
iron-ammonia-hydrogen are summarized m Fig 347 Tne a phase is a solid soln 
of nitrogen m a-iron , the y phase, a solid soln of mtrogen m y-iron , and the 
y'-phase, a solid soln , the € phase, containing iron tetritamtride J G Thompson 
discussed the best type of steel for resisting attack in plants synthesizing ammonia 
R H Hobrock, etc , discussed the surface hardening of steels by nitridizmg them 
in ammonia at a suitable temp , and pressure B Strauss observed no absorption of 
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nitrogen when ammonia is passed over molten iron C Stahlschmidt observed the 
formation of hydrogen m the reaction between ammonia and iron J H Andrew 
showed that a large proportion of hydrogen is formed , but E Colver Glauert 
observed only a trace , and G J Fowler, F Hanaman, andE B Maxted observ ed 
none The rate of absorption, or diffusion of the nitrogen from a mm onia b} heated 
iron, was studied by H Braune, E Colver Glauert, J Duhr, A Fry, L Guillet, 
E B Maxted, T Nahayama, C B Sawyer, 

G Engelhardt and C Wagner, and H E Wheeler ^IT 1^1 T" 1 ", 1 I" 1 * 

0 B Sawyer showed that the presence of phos | ■ « | - j j— 1 

phorus m iron affects the nitrogenization of iron, * y e/mosc , 

L Guillet found that the presence of aluminium, ^ ^j\ , » X T~ 

silicon, chromium, and molybdenum accelerates ^ W | 5f i \ [ 

the absorption, and they form, along with the iron, ^ 20 j \ 

stable nitrides, but H E Wheeler doubted if _ .g /feg _ 
these elements form mtndes under these con- o L ±. LI 
ditions F W Harbord and T Twyham dis _ 

cussed the action of manganese, but they found “ he R J ~£ he “ 

no relation between the nitrogen and manganese 

content of iron N Tschischewsky considered that in addition to manganese, 
silicon and aluminium may be regarded as carrieis of nitrogen, because 111 mtro- 
gemzed ferromanganese, ferroalumimum, and considerable proportions of the 
nitrides of nnnginese, aluminium, and silicon are present \\ Frankenburger 
and co workers considered that carbon, manganese, chromium, and hydrogen, and 
B Strauss, that silicon and chromium, play an important part m the adsorption 
of nitrogen , T Nakayama also showed that the presence of aluminium, silicon, 
titanium, and chromium accelerates the absorption of nitrogen, but copper, 
manganese, cobalt, and mckel do not favour the absorption A Bramel} and 
co workers found that the presence of carbon retards the action of ammoma so 
that the amount of nitride formed decreases as the initial cone of the carbide 


oOO 100 500 600 700 8v0* 


increases— vide supra A Fry observed that when heated to 680° m ammonia, 
the carbon of cement ite is all displaced by nitiogen 

P A v on Bonsdorff observed that air contaimng traces of ammom 1 dot s not 
favour the rusting of iron U R Evans observed no corrosion of iron o\ er cone 
aq ammonia for 8 da\ s 0 Matignon and G Desplantes studied the oxidation of 
metals m the presence of ammonia The corrosive action of aq soln of ammonia 
on iron is discussed below W R Hodgkmson and N E Bellairs studied the 
action of aq ammoma , and F N Speller, the action of ammonia m refrigerators 
F Schmitz showed that with pieces of 0 06, 0 42, and 0 92 per cent carbon steel, 
20x20x10 mm with a 4 mm hole, the losses m cone aq ammom i were respectively 
0 000, 0 173, and 0 059 per cent during 180 hxs J D Pennock and D A Morton 
found that cone aq ammoma does not rust clean iron, but actually prevents rustmg 
even in the presence of oxygen or of ammonium carbonate W Guertler and 
T Liepus observed that iron is not corroded by aq ammoma m 24 hrs The 
action of ammomacal feed-water for boilers was discussed bv M Tilgner 
A H White and L Kirschbraun studied the electrolytic dissolution of mtrogemzed 
iron K A Hofmann and co-workers compared the action of dry hv drogen chloride 
and ammonium chloride vapour on metals at 250° to 350 3 , and found that the 
sequence with the former is Fe>Ni>Cu>Ag>Hg, and with the latter Fe>Cu>Ni 
>Ag>Hg For the action of soln of ammonium salts, vide infra F W Bergstrom 
found that a soln of ammonium bromide in liquid ammonia acts on iron m a few 
months to form FeBr 2 6NH 3 A dHeureuse observed that molten ammonium 
sulphate and iron yield ammonia, and at a higher temp sulphur dioxide ind ferrous 
sulphide are formed M Lachaud and C Lepierre noted that a series of complex 
ferric or ferrosic ammonium sulphates is formed when iron acts on the molten salt , 
and F W Bergstrom said that a soln of ammonium sulphate m liquid ammonia 
acts very slowly on iron F W Dafert and R Miklauz observed a vigorous reaction 
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between iron and molten lithium mtnde H and F Hanaman found that the effect 
of heating iron m hydrazines is similar to that which occurs with ammoma , and 
likewise also with amines, and lmides F W Bergstrom found that the action of 
potassamide on iron, if it occurs at all, is extremely slow F Ephraim observed 
no reaction when iron is heated with sodamide T CJurtius and J Rissom observed 
that iron dissolves m hydrazoic acid, N S H, forming ferrous azide with the brisk 
e\olution of hydrogen A W Browne and co-workers observed the mtridization 
of iron when it is used as anode in a soln of ammonium azide, with liquid ammoma 
as solvent , ferric azide is formed J W Turrentme found that a soln of sodium 
azide on electrolysis with iron as anode furnishes initially ferric azide , if the soln 
is agitated the iron becomes passive J T Nance examined the action of soln of 
a mm onium chloride , and P Junius, the vapour of that salt , W R Hodgkinson 
and A H Coote, F Hatton, E Heyn and 0 Bauer, G Tammann, E Ramann, 
E Weitz and H Muller, and E B R Pndeaux and R M Caven, the action of iron 
on soln of amm onium nitrate — vide infra for the effect of soln of these salts , and 
the effects of pressure, by E Berl and F van Taack, F Haber, H Elirig, A Kauf 
mann, L G Knowlton, and E Weitz and H Muller , and W R Hodgkinson and 
A H Coote, the action of fused ammonium nitrate and ammonium nitrite, as well 
as of their aq soln 0 Baudisch discussed the reduction of nitrites by iron 
E Divers found that iron is not attacked by a soln of ammonium nitrate m liquid 
ammonia, but F W Bergstrom found that with powdered iron some ferric oxide 
is formed as well as Fe(N0 3 ) 2 4NH 3 and Fe(N0 3 ) 2 6NH 3 E Pnwoznik observed 
that iron gradually acquires a black film when immersed m a soln of ammonium 
polysulphide 

P Sabatier and J B Senderens found that nitrous oxide is reduced by iron 
powder at 170° to form ferrous oxide F Durau and C II Teckentrup showed that 
the absorption of nitrous oxide by electrolytic iron is purely adsorption P Ober 
hoffer observed that iron can be mtrogenized by heating it to 200° or 300° m an atm 
of nitrous oxide The rate of attack was studied by E Schroder and G Tammann 
P Sabatier and J B Senderens found that nitnc oxide behaves like mtrous oxide 
at 200° , and F Emich found iron is mtrogenized by heating it in nitric oxide 
F Durau and C H Teckentrup observed that the absorption of nitric oxide by 
electrolytic iron is a chemical process According to B B Adhicary, when a mixture 
of nitric oxide and hydrogen is passed over the heated metal, ammoma begms to 
form at 300°, and the action is rapid at 350° E Muller and H Barck found that 
decomposition is complete at 500° The rate of attack was studied by E Schroder 
andG Tammann, and G Tammann and W Koster E Davy, and J J Sudborough 
found that iron is attacked by mtrosyl chloride P L Dulong, and P Sabatier 
and J B Senderens found that reduced iron decomposes nitrogen peroxide at 
ordinary temp The metal becomes mcandescent and yields ferric oxide 
J A Almquist and co-workers found steel to be stable m contact with the liquid 
peroxide There is also formed mtro-iron, Fe 2 N0 2 — 8 49, 39 

B Lambert and J C Thomson found that cold dil nitric acid has veiy littli 
action on the purified metal, but when warm, the met il is dissolved According 
to H Gautier and G Chaxpy, iron dissolves m 31 per cent nitnc acid at or dm m 
temp , giving off gas rapidly , the rate of evolution of gas then slackens, until finallv 
only tnces of ammoma and nitrogen peroxide are evolved, and feme mtiate is 
formed No gas is evolved with 61 per cent acid m the cold, but at temp 
exceeding 60*, gas is evolved V H Veley and J J Manley said that purified 
nitnc acid, freed from mtrous acid and dissolved nitrogen oxides, is without 
action on purified iron, even at the bp According to B C Banerji and 
N R Dhar, ferrous salts accelerate the dissolution by forming mtrous acid, 
which acts as a catalyst, and feme salts also favour the reaction smee they are 
reduced to ferrous salts Oxidizing agents retard the reaction by preventing 
the formation of mtrous acid C C Pakt and N R Dhar also discussed the 
action of nitnc acid on metals A Quartaroli showed that oxidation is a nec&> 
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sary antecedent for the dissolution of metals m nitric acid, and that nitric acid is 
not an oxi dizin g agent if no nitrous acid be present, or if substances like carbamide, 
an ammo-acid, or an amide, which destroy the nitrous acid, be present 
J G Brown studied the rate of the reaction H Endo observed that the weights 
lost by iron, expressed m grams per sq cm , during 5 hrs’ action at 25°, are 

HN0 3 5 10 25 30 35 45 50 55 per cent 

Loss 0 1021 0 2045 0 5210 0 8356 0 7590 0 0584 0 0233 ml 


W H Hatfield observed that with cylinders of iron approximately 0 5 m diam and 
weighing 50 grms , m 85 c c of acid at 15°, the losses m grms per sq cm m 24 hrs 


were 


NH N0 3 

46 per cent HN0 3 


Steel ■with 0 29 per cent 


Flectrolytic Armco English 


iron 

iron 

wrought iron 

15 

40 

GO 

so 

0 1147 

0 140G 

0 1263 

0 0957 

0 0282 

O 321o 

0 3512 

0 7261 

0 7592 

0 6399 

0 6766 

0 6538 

1 3809 

1 7278 


B C Banerji and N R Dhar observed that with the 1 1 nickel-iron alloy 
( q v ) the reaction with 5 to 20 per cent nitric acid is periodic According to 
A J Hale and H S Foster, with plates of 1 sq dm , at 17° to 20 °, and 0 2 A-HN 0 3 , 
with a litre of acid, the losses with cast iron and wrought iron were respectively 
2 60 and 1 30 grms m 4 hrs , with half a litre of acid per day for 7 da} s the losses 
were respectively 15 4 and 14 5 grms , and with half a litre of acid for 28 days, 
respectively 2 5 and 2 0 grms H Gautier and G Charpy observed that at ordmarv 
temp clean iron wire m nitric icid of sp gr 1 21 does not give off any gas, but 
the metal is slowly attacked with the formation of iron nitrate, ammonia, and 
nitrogen peroxide, which remain m soln The percentage losses m icids of different 
concentration were 


bpecific gra\ity (HN0 3 ) 1 28 1 34 1 3S l As l 53 

T | First 2 days 0 82 0 75 0 29 0 34 *5 80 pei cent 

li° feS !Fnst <jajs 0 59 0 45 0 25 0 33 5 75 

The e m f of the cell Fe HNO a Pt diminishes rapidly is the cone of the acid 
increases from a sp gr below 1 21 to higher densities In the latter case it is about 
0 15 volt, and corresponds with the dissolution of the iron, for with circuits of 
different resistances, different intensities are obtained By raising the temp , the 
limit of sp gr of the acid giving disengagement of gas and rapid attack is raised 
At 60° it is only with concentrations above 1 38 that no disengagement of gas occurs 
The limit is also raised by the presence of oxide on the surface of the iron , this is 
due to local heating caused by the solution of the oxide If the iron be agitated m 
the acid until perfectly clean, it then behaves exactly as if the surface had not been 
coated with oxide The same effect is produced if the oxide be electrolytically 

reduced , A ,, 

W Rohn found that unannealed iron in contact with 10 per cent cold nitric 
acid loses 33 0 grms per sq dm during 2 hrs , and with the hot acid, 40 0 grms 
The attack on the annealed metal is rather slower The subject was studied by 
W Guertler and T Liepus J I Crabtree and G B Matthews found that with 
5 per cent acid, iron was corroded at the rate of 2 2 grms per 100 sq m per day 
According to F Schmitz, 0 06, 0 42, and 0 92 per cent carbon steel specimens, 
20 x 20 x 10 m m with a 4 mm hole, lost respectively 100 per cent m nitric acid 
(1 1) m 180 his , and in the cone acid, respectively 0 113, 0 352, and 0 353 per 
cent The loss with aqua regia was also 100 per cent J G Thompson found 
that none of the iron alloys was so resistant to 100 per cent nitric acid as 
al uminium and its alloys Of all the iron alloys, a cast iron with 14 per cent 
silicon (0 59 per cent carbon) was the most resistant , one with 12 24 per cent 
silicon and 1 17 per cent carbon was less satisfactory Molybdenum steel was 
little better than ordinary steel, but by adding 10 to 15 per cent of chromium 
the steel resisted acids up to 68 per cent HNO 3 Nickel counteracted the 
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beneficent effects of chromium For other observations, see the corrosion and the 
passivity of iron and steel 

A Scheurer Kestner observed that with nitric acid of sp gr 1 034, ferrous and 
a mm onium nitrates are formed , with nitric acid of sp gr 1 073, ferrous, ferric, 
and ammonium nitrates are produced , while with nitric acid of sp gr 1 115, only 
ferric nitrate and no ammonia is formed W Heldt found that when ammonia 
is formed ferrous nitrate is produced, and when no ammonia is developed ferric 
nitrate is formed With 32 per cent nitric acid a hardened steel yields a black mass 
which slowly dissolves to form a brown soln The dis 
solution proceeds more rapidly as the temp is raised 
This furnishes a mode of estimatmg the temper carbon m 
steel colonmetncally Observations were made by H von 
Juptner, and E Heyn L Schneider, and A Tamm 
found that steels containing phosphorus yield a soln con 
taming phosphoric acid J M Ordwa> observed that 
the products of the reaction depend on the com of the 
acid, the proportion of acid and metal employed, the 
degree of purity and the state of subdivision of the iron, 
and on the temp , and J H Whiteley and A F Halli 
mond, that the products of the action also depend on the 
cold work the metal has received, and on the carbon-con 
tent — vide infra Y Yamamoto, J Hale and H S Foster, 
P Kotzschke and E Piwowarsky, and J Sauvageot 
and L Lauprete compared the rate of attack on different forms of iron 
H Endo showed that the rate of attack on 0 1 to 1 3 per cent carbon steels 
increases almost linearly with the proportion of carbon C F Burgess and 
S G Engle observed the losses m weight, m grams per sq inch per hour, with 
iV-H 2 S0 4 , at 22°, and found (i) 0 3728 grin for the average with electrolytic iron , 
(n) 0 0091 grm with electrolytic iron heated to 1000° and cooled slowly, 
(in) 0 0093 grm with soft sheet iron low m carbon as used for transformer plates , 

(iv) 0 0971 grm with a temper steel used m the manufacture of knife blades , and 

(v) 0 0643 grm with an ordinary grade of cast iron The subject was studied by 
S C Bate, F F Chapman, N R Dhar, V Duffeh, H Endo, L F Girardet 
and T R Kou, L Loskiewicz, N A E Millon, C C Palit and N R Dhar, 
W D Richardson, F Schmitz, C F Schonbem, J G Thompson, and Y Utida 
and M Saito — vide su'pra, hydrochloric and sulphuric acids 

J J Acworth and H E Armstrong found that at 9° to 16°, the vols of gas 
obtamed per gram of metal, with nitric acid of var} mg concentration, are 


Specific gravity of nitric aac/ 

Fig 348 — Products of 
the Action of Nitnc 
Acid on Iron 


hno 3 h 2 o 

1 1(16°) 

I 2(13°) 

1 4(10°) 

1 4(13°) 

1 8(12°) 

1 12(9°) 

Total 

8064 

5997 

5330 

5456 

5904 

5638 c c 

NO 

7392 

5323 

4598 

4773 

5542 

5146 c c 

N*0 

404 

375 

551 

492 

202 

252 cc 

N 

567 

299 

221 

191 

160 

242 c c 


The proportion of nitric oxide is relatively large As the cone of the acid decreases, 
the proportion of mtrous oxide at first increases and then diminishes , whereas, 
with nitric oxide, there is at first a decrease and then an increase These differences 
correspond with the behaviour of the dissolved metal With the 1 1- and 1 2 
acids, the iron dissolves rapidly, produemg a pale greenish-yellow liquid , with 
the 1 4 acid, the iron dissolves less rapidly, and the soln is dark brown, as is also 
the case with the 1 8- and 1 12 acids, where the action proceeds still more slowly 
It is inferred that by the action of the more cone acid, the iron is immediately 
converted into the ferric salt, whereas with a more dil acid, ferrous salt is first 
formed, and this is afterwards converted into ferric salt on heating the liquid The 
hydrogen displaced m the formation of the ferrous salt is probably more active 
than that displaced m the formation of the ferric salt , and a similar conclusion 
follows from the manner m which the mtrous oxide is evolved The last portion 
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of gas with the 1 1- and the 1 2 acids is free from nitrous oxide The mech anism 
of the reduction of nitric acid by the metals is discussed m connection with nitric 
acid 

J J Acworth and H E Armstrong assumed that the direct reduction products 
are nitrous and hyponitrous acids, h}drox)lamine, and ammonia If the nitric 
acid is present m large excess, and highly concentrated, the products will be richer 
m oxygen than where a small proportion of the acid is used Thus, nitrogen peroxide 
predominates m the former case, and nitric oxide in the latter case E Divers 
classed iron amongst the metals which yield ammonia, hv droxylamme, hydrazine, 
or hydrogen C Montemartini found that the gases evolved on treating a gram 
of iron with an excess of 27 5 per cent nitric acid were 

■\H, hno n 2 o N NO fotil 

Grams 0 02493 0 00195 0 00422 0 00045 — 0 03553 

C Montemartmi said that the nitric oxide formed is of secondary origin, bemg 
derived partly from the decomposition of the nitrous acid and partly from the 
oxidation of the ferrous salts first formed P C Freer and G 0 Higle) found that 
with dil nitric acid of sp gr 1 03 to 1 20, the products are nitrogen peroxide, nitric 
oxide, nitrous oxide, nitrogen, and ammonia in proportions which vary with the 
cone and amount of acid employed , with more cone nitric acid of sp gr 1 35 
to 1 40, the products are nitrogen peroxide and nitric oxide The results 
are summarized in Fig 348 The non-ionized acid is supposed to act mere!) as an 
oxidizing agent, because the results with silver, copper, and iron were practically 
the same with cone nitric acid Nitrogen peroxide is said to be the first product 
of the action, and nitric oxide is derived from this by the action of water, because 
the relative proportions of these two gases vary with the proportion of acid 
employed For E J Joss’ b observations on the action of mtnc acid on metals, 
vide 8 49, 45 

According to J H Whiteley and A F Hallimond, the gases obtained when 
nitric acid of different concentrations — grams HN0 3 per 100 c c — acts on 0 3 grm 
of purified iron at 100° and 500 mm press , are as follow (the nitrogen peroxide 


condensed m the receiver was not determined) 

Nitric acid 

nh 3 

lotalgas 

(Grms per 100 c c ) 

NO 

N s O 

N 

(at n^p &) 

115 

32 0 

25 

13 3 

14 0 

47 5 c c 

21 5 

39 0 

25 

80 

18 2 

49 5 c c 

22 7 

41 0 

20 

80 

18 3 

51 0 c c 

23 9 

49 0 

20 

82 

14 1 

59 2 c c 

25 1 

74 0 

25 

55 

56 

82 0 c c 

26 3 

83 0 

25 

58 

30 

91 3 c c 

27 5 

87 0 

25 

43 

20 

93 8 c c 

33 5 

90 0 

15 

35 

10 

95 0 c c 


There is a very str ikin g discontinuity m the nature of the reaction when the cone 
of the acid attains 24 grms HNO s per 100 c c Much of the N 2 +NH 3 mixture is 
replaced by a mix ture of N0+N0 2 as the cone of the acid changes from 23 to 
25 grms HN0 3 per 100 cc The sharp change in the character of the curves 
becomes less pronounced when a larger excess of mtnc acid is employed The 
products of the reaction depend on the concentration of the NOj as free acid or 
nitrate, and not on the acidity per se No appreciable change occurred when the 
press was reduced from 500 to 200 mm By lowering the temp of the reaction 
from 100° to 45°, the same general results were obtained, but there was an increase 
m the proportion of nitrogen at the expose of the ammonia It is assumed that 
the ammonia combmes with the nitrous acid formed m the reaction, and the result- 
ing ammonium nitrite is subsequently decomposed NH 4 N 02 = 2 H 20+^2 The 
nitrous acid can also be formed by the action of nitric oxide on mtnc acid 
2N0+HN0 3 +H 2 0==3HN0 2 The proportion of nitrogen peroxide which is 
formed increases with the concentration of the acid, and decreases when the temp 
of the reaction is lowered The variations in the proportion of mtnc oxide are 
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dependent on the secondary reactions 2N02+H 2 0==HN03+HN02, and 
3HN0 2 ==HN0 3 +2N0-f H 2 0 It is suggested that the nitrous and nitric oxides 
are the result of the rapid decomposition of an unstable intermediate compound 
E Ramann represented the action of iron on the ferrous nitrate first formed 
4Fe(N0 3 )2+8H 2 0+llFe=4NH 4 N03+5Fe304 When ammonium mtrate acts 
on iron, mtrosyl-ammonmm, NH4NO, is said to be first formed as an intermediate 
product J H Whiteley and A F Hallimond found that the composition of the 
mtrogenous gases m\ olved on treatmg cementite by the method indicated above, 
was as follows 


Nitric acid 
(Grams per 100 c c ) 

NO 

N 0 

N 

NH, 

115 

53 0 

70 

7 8 

98 

16 5 

67 0 

6 0 

70 

5 1 

21 5 

810 

5 0 

60 

36 

27 5 

02 0 

40 

G 7 

1 6 

33 5 

04 0 

50 

4 5 

1 8 

45 0 

88 5- 

5 0 

37 

02 


Some complex hydrocarbons, appioximating on the average CH 2 , are produced, 
and some of the hydrocarbons are slowly oxidized to carbon dioxide Taking the 
weight of iron consumed m producmg the ammonia and 
nitrogen as ordinate, and the cone of the acid as abscissa, 
they obtained the so called reaction curves, Fig, 349, for 
the effect with pearlitic steels They found that the reaction 

curves are in accord with the mixture rule The reaction 
curves of quenched steels indicate a high energy content, and 
its gradual decrease m tempering 

Observations on the action of nitric acid on metals were 
also made by Y H Veley, E Divers, E J Maumene, 

J J Acworth, A J Ewart, 0 Montemartini and E Co 
lonna, J H Stansbie, M Drapier, W D Bancroft, E J Joss, 
and A Element A C Gumming reported the bursting of 
cast iron vessels containing a mixture of sulphuric and 
nitric acids The metal contained large plates of graphite 
forming a network via which the acid could pass within 
The acid penetrated the metal to a depth of one-third the thickness, and small 
masses of iron salts crystallized in the interior The disruption was produced by 
the expansion force of the growing crystals, even though corrosion was practically 
negligible For the action of cone mtnc acid whereby the iron becomes passive, 
see the special section on the passivity of iron A Quartaroli observed that 
oxidation facilitates the dissolution of iron in acids P Pascal found that for vary- 
ing proportions of mixtures of mtnc and sulphuric acid, there is a concentration 
between 10 and 20 per cent of water at which the resistance of steel is a 
maximum P Pascal observed that the addition of 5 per cent sulphuric acid 
to mtnc and considerably reduces the activity of the acid R C Griffin observed 
that the attack on wrought iron, cist iron, and steel by 10 per cent mtru 
and is reduced in the presence of 1 per cent of formaldehyde According to 
\j E Benson, iron is mtrogemzed b\ heating it in a bath of 85 pei cent sodium 
nitrile, and 15 per cent of sodium chloride, at 500° The action of fused alkali 
nitrates on iron was discussed bv E Fremy, E Berger, L Moser, and C S A Tat 
lock — vide the ferrates A E Menke said that molten sodium nitrate with 
iron filings forms some sodium hypomtnte, but W Zorn could not confirm this 
L Hackspill and R Grandadam reported that when alkali mtrates and iron are 
heated in vacuo, the alkali metal is formed eg KNO s +2Fe— Fe 2 03 +K+N 
Lithium mtrate does not react in this way 0 B Gates observed no reaction 
between iron and molten silver mtrate , and A Naumann, no reaction with iron 
and a soln of silver mtrate in benzomtrile J A Jones found that soln of 
ammonium, sodium and calcium mtrates develop cracks in mild steel plates owing 
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to their action on the mtercrystallme cement C F Bonilla studied the rate of 
attack by aqua regia 

The action of phosphorus on iron has been discussed in connection with the 
phosphides — 8 50, 12 6 Tanunann and K Schaarwachter 8 observed that the 

attack of iron by phosphorus can be detected at about 360°, and R Vogel has 
investigated the effect of phosphorus on the arrests The reaction was studied by 
M V Ruisakoft and I N Buschmakm J Percy pointed out that the presence 
of phosphorus reduces the malleability and strength of iron at ordinary temp , 
thus making the metal cold short — i e brittle when cold On the other hand, 
iron which contains enough phosphorus to be cold short may be quite malleable 
at a high temp such as that at which the metal is usually forged and rolled 
C J B Karsten said that if less than 0 5 per cent of phosphorus be present, the 
qualitv is not seriously affected , with 0 6 per cent , the iron does not stand the 
breaking test , with 0 75 per cent , the iron fails under the breaking and bending 
tests, and its tenacity is low , with 0 8 per cent , the metal is decidedly cold short 
Observations were also made by L Schneider, J A Barr, J Wagner, B W Cheever, 
and H von Juptner The interpretation of the equilibrium diagram, and the effect 
of phosphorus on the critical pomts of iron, were studied by E Gerecke 
J E Stead, J L Haughton, W Venator, F Wust, K Heitmann, J H Whitele} , 
P Oberhoffer and C Kreutzer, H Esser and P Oberhoffer, N S Konstantmoff, 
H Gontermann, B Saklatwalla, A Allison, H Voss, F Osmond, H M Howe, 
T E Stead, E Richarme, R Mitsche, and P Goerens and W Dobbelstem 
examined the effect of phosphorus on the iron carbon alloys, and their results 
ha\e been previously described K Schichtel and E Piwowarskv found that 
phosphorus reduces the solubility of carbon m liquid iron W F Holbrook and 
co workers studied the diffusion of phosphorus in molten iron J E Stead 
showed that the effect of increasing proportions of carbon is to throw free iron 
tntaphosphide out of soln 


Carbon 

0 

0 325 

0 180 

0 70 

0 80 

1 40 

2 00 

1 50 per cent 

Fed? 

0 

0 18 

0 59 

100 

10b 

1 lb 

1 18 

1 40 

P in soln 

1 75 

1 37 

1 18 

0 75 

0 70 

060 

0 55 

0 31 


With only 0 18 per cent of caibon, free phosphide is formed, and the phosphide is 
then surrounded by pearlite , with 1 4 per cent of carbon, the eutectic phosphide 
becomes surrounded by a layer of cementite which increases . 

m thickness as the proportion of carbon increases The 
interior has the character of a solidified eutectic On reheating /jqq° — I — 
the mass to 900°, and allowing it to cool slowly, the cementite 

formed independent cells cutting up the pearlite into a number ~7/ W? 

of small grams The phosphide eutectic retained its original /50 f\ 
position and was no longer surrounded by the cementite , the o ~\ j Mr. 

cementite diffused throughout the iron at 900°, but not so MOO ~rffjn j 
the phosphide When the carbon exceeds 2 per cent , there is 
e\ ulence of a carbide-phosphide eutectic which contains 6 7 ~ ~ 1 

per cent of phosphorus and 2 0 per cent of carbon This im t'j f.T . J 
was confirmed by F Wust J E Stead showed that phos ^ f_ Jjt_LX.U 
phorus and carbon each lequire its quota of iron, and tlic * faced 

presence of either diminishes the amount of the other simul- 
taneously present m pig iron, but phosphorus is without Fig + 35 ^ f ’~ p ?^. e 
influence on the actual conditions of the carbon m pig-iron korus on the 
This was confirmed by J T McKenzie, H O t on feamson- g 0 i u biht> of Car 

Himmelstierna, and K A Schreiber K Schichtel foun bon in Iron 
that the introduction of phosphorus mto the iron-carbon alloys T , 

altered the carbon solubility curve, the BE line, as mdicated “ 
effects of phosphorus on the proportion of carbon mthe eutccticandontheei^ec 
temp , are indicated in Fig 351 Observations were also made by E Sohnehen 
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and E Piwowarsky, M Kunlele, P Bardenheuer and M Kunkele, H Schenck, 
H S Rawdon, J T McKenzie, H Sawamura, 0 Bauer and K Sipp, J H Higgins' 
R Vogel, L Jordan, F Fettweiss, F Sauerwald and W Hummitzsch, and 
Vogel and 0 de Vries studied the ternary system Iron- 
P Goerens and W Dobbelstem, E Thews, and 0 von Keil 
and R Mitsche studied the influence of silicon on the 
system Fe-P-C J H Whiteley examined the distn 
bution of the phosphorus m steel between the Ac r and the 
Ac 3 arrest He concluded 

'When ordinary hypoeuteetoid steel is heated to, and mam 
tamed at temp between the critical pomts Ac x and Ac 3 , part of 
the phosphorus contained m the y iron diffuses into the adjacent 
ferrite owing to the fact that under these conditions the phos 
phorus is more soluble m the latter than m the former W T ith a 
series of steels m which the phosphoius \ aned from 0 006 to 0 12 
per cent it ib phosphorus which diffuses out of the y iron The 
loweiing of the solubility in the y iron is most probably -due to 
the presence of dissolved caibide \t temp below 650 phos 
phorus diffuses extremely slowly in ferrite above this temp , the 
\ elocity gradually increases and above 800° it is quite rapid, for 
a diffusion which requires 4 hrs to complete at 740° is complete 
m 15 mins at 830° The velocity of diffusion of phosphorus m 
y iron also increases with the temp in a similar manner but it is 
never so high as that at wlncli the carbon travels \.t or ncai 
the airest the speed of diffusion suddenly diminishes Bv 
heating steels slowly through the cntical range, a leticulated 
structure is produced which is also due to the movement of 
phosphorus m the y iron The lowest temp at which this structure is formed depends 
upon the carbon content of the steel with 0 18 per cent of carbon it was about 820° and 
with 0 06 per cent 870° Owing to the fairly rapid rate at which phosphorus diffuses m 
y iron above 820°, it is possible bv heating sections of steel plates at a temp just below 
the 4.c 3 point to remove completely the excess of phosphorus contained m the micro 
ghost line included in the areas occupied by the y iron Tins tieatment does not entirely 
remove the lines however, for, although not so pronounced as formerly, they can still be 
detected by etching even in samples containing less than 0 02 per cent of phosphorus 
Iheir presence would appear to be due therefore, to the uneven distribution of some other 
substance besides phosphorus 


Wust, whilst R 
phosphorus-sulphur 



Fig 351 — The Effect 
of Phosphorus on 
the Eutectic lem 
perature and on the 
Proportion of Cai 
bon m the Eutectic 


C Kreutzer found that the X radiograms agree with the assumption that with 
^ ^ er C6n ^ Phosphorus, solid soln axe formed , that with increasing 
KQ 10^US, m dications of the tritaphosphide becomes stronger, and with 
58 per cent phosphorus the tritaphosphide with a tetragonal lattice havmg 
a c=I 0 3482 is formed, with 215 per cent phosphorus, the hemiphosphide 
is formed , and with still more phosphorus, an unknown compound is produced 
The subject was studied by F Rogers, B Kjerrman, H Jungbluth, H Schotthy, 

v 7 N S J K i )n i tantmofi > 0 KuJm > s B Hendricks and P R Kostmg, 

H le Chatelier and S Wologdme, and G Hagg The solubility of phosphorus 

i a I1 rfS 1 * * * ^ aS i eXa ? 11Iled by J E Stead > A E Cameron, and E D Campbell and 

% C Babcock , the microstructure, by J 0 Arnold, J E Stead, N S Konstantmoff, 
iwowarsky, B Saklatwalla, ana B Strauss , the segregation of the phosphorus 

or phosphide by P Oberhoffer, J W Bolton, B W Cheever, L SchLder, 
T ® Goutai l * * ® Piwowarsky, H A Schwartz and A N Hurd, and 

*JLKj/v dth w Sp fL by i 0 Arnold-C Benedicks’ results for liquid iron 
TVATfltr h a ^ ^ E Holl found that phosphorus partly favours, and 

V erS A tbe decomposition of the carbide in cast iron, 0 von Keil and 
£ lw™ A, P ho fP ho r us ^^ers graphitization , and K Schichtel and 
« tt u r 7 ’ f 1 ? phosphorus decreases the solvent power of iron for carbon 
mtenm? w p 1 w ^died the effect of phosphorus on the pearlite 

w p, i°v a ^7 ® Maorer, the distnbution of phosphorus between iron 

non and P tw?’ v Yamam ,°t’ a £ d ¥ Kunkele, the phosphide eutectic m cast 
woo, and P Bardenheuer and M Kunkele, A E Cameron, and H Jungbluth 
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and H Gummert, tlie effect of silicon on the phosphide eutectic The efEect of 
phosphorus on the casting shrinkage was studied by W J Keep the diffusion of 
phosphorus m iron, by A Try, and N C Marples , the sp vol , h\ C Benedicks 
and co-workers , the hardness, by N S Konstantmoff, B Saklatwalla, W Koster, 
and E d Amico , J J Porter, and D Saito and K Hayashi, the fluidity which 
increases linearly with the proportion of phosphorus , and the mechanical properties, 
by C J B Karsten, J E Hurst, F F McIntosh, F Wust and R Stotz, A Stadeler, 
J S Unger, N J Gebert, A Muller Haufe, E W Rettew and L A Lannmg, 
E C Groesbeck, H H Beeny, A E M Smith, R 0 Good M Hamasumi, 
F Fettweiss, A Wimrner, W H Hatfield, H Ford, R Moldenke, W Guertler 
E Touceda, R H Smith, B H Paul, E d Amico, H M Howe, J H Higgins, 
G R Johnson, J de Kr}loff, E Maurer and W Haufe, H I Coe, J E Johnson, 
F Gra7iani, W E Uennison, R T Rolfe, F F McIntosh, J E Fletcher A Ledebur, 
V R von Tunner, T ]) West, W J Keep, K Tamguchi, J E Hurst, E Piwo 
warsky and co workers, and J E Stead F F McIntosh found that the endurance 
properties and strength of steel increased with the phosphorus content between 
0 01 and 0 10 per cent , without producing a proportional loss m ductility J H Teng 
found that malleable cast irons having approximately 0 80 to 0 90 per cent 
combined carbon, 1 08 to 120 per cent graphitic carbon, 0 200 to 0 210 per 
cent silicon , 0 006 to 0 008 per cent sulphur , no manganese, and variable pro- 
portions of phosphorus, had the mechanical properties in tons per sq m 


Phosphorus 

0 010 

0 046 

0 096 

0 144 

0 210 

0 302 

0 412 0 508 per 

Yield point 

17 20 

17 30 

17 65 

17 90 

18 20 

18 70 

19 20 

19 80 

Max stress 

22 85 

22 90 

22 54 

22 20 

22 20 

21 56 

20 75 

19 95 

Elongation (4 ins ) 

38 

35 

35 

31 

32 

29 

22 

0 per cent 

Reduction area 

3 12 

3 00 

310 

2 80 

2 85 

200 

15 

ml per cent 

Transverse strength 

36 

3 67 

3 55 

3 50 

3 40 

2 95 

2 55 

180 

Deflection 

0 57 

6 57 

0 56 

0 56 

0 53 

044 

0 37 

0 18 m 

Angle of bend 

60° 

62° 

58° 

55° 

55° 

45° 

30° 

ml 

Brmell s hardness 

175 

180 

184 

193 

203 

224 

253 

308 


He also found that the Izod test fell from 8 5 ft lbs with 0 06 phosphorus to 3 0 
with 0 465 pei cent N S Konstantmoff measured the electrical conductivity 
The observations of E d Amico on the sp gr , hardness, the mechanical properties, 
the electrical resistance, and the magnetic properties are summarized m Figs 352 
and 353, where the electrical resistance is expressed in ohms per metre per sq mm 



Figs 352 and 353 -—The Effect of Phosphorus on the Mechanical Properties of Iron 

section , the coercive force is for 5=13,000, and the hysteresis for 5=10,000 > 
the tensile strength and elastic limit refers to kilograms per sq mm , and the 
elongation is in percentages One per cent of phosphorus raises the electrical 
resistance 11 0 microhms per cm cube W M Hicks found that phosphorus 
and arsenic decreased the coercive and the hysteresis loss of iron The subject was 
studied by F Goltze, H F Parshall, and J H Partridge 

According to R Fmkener, the general opinion is that phosphorus mak es steel 
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lesb rebibfcaut to corrosive influence, although C Diegel did not find this to be the 
case with plates of iron exposed for sixteen months to sea watei m Kiel harbour 
The results showed that the losses m weight per sq dm were 

P 10 01 0 09 0 23 0 45 0 84 0 85 per cent 

Loss 7 00 6 10 5 71 5 48 5 lb 4 93 grms 


The resistance was ascribed to the formation of an iron phosphide which is not so 
readily corroded as iron The experiments of E Heyn and O Bauer with iron 
containing larger proportions of phosphorus than those employed by C Diegel, 
were very irregular This is attributed to the unequal distribution of the phosphide 
favouring galvanic action The subject was studied by L Tronstad and J Sejer 
sted H Endo, Fig 354, observed the losses in grams per sq cm during 5 hrs’ 
exposure at ordinary temp from alloys with 0 35 to 0 45 per cent of carbon and 


Phosphorus 0 75 

|HjS0 4 0 02688 

LosslHCl 0 02388 

(HN0 8 0 06422 


1 35 1 81 3 10 

0 03274 0 04255 0 03904 

0 02366 0 02566 0 01737 

— 0 04642 0 05170 


6 84 12 17 per cent 

0 02478 0 00832 

0 00847 0 00351 

0 03177 0 02605 


W S Calcott and co-workers, and M Merlub Sobel observed that the phosphorus 
chlorides readily attack iron, and A Granger found that m the vapour of 
phosphorus tnfluonde, trichloride, and tnbromide, iron 
phosphide is formed, the metal is also attacked by 
phosphorus iodide, P 2 I 4 A Sieverts found that iron 
is dissolved by a soln of sodium hypophosphite 
H Schackmann and W Krmgs represented the 
action with phosphorus pentoxide by the equation 
5 Fe+P 2 0 5 ^5Fe0+2P Accordmg to E Erlenmeyer 
and O Heinrich, a 48 per cent soln of phosphoric 
acid rapidly dissolves finely powdered iron with the 
evolution of gas a^d the formation of a green liquid 
thought to contam Fe(H 2 P0 4 ) 2 W Rohn observed 
that cold, 10 per cent phosphoric acid dissolves 0 27 
grm per sq dm from purified unannealed iron, and 



fa cent phosphorus 

Fig 354 — The Corrosion of ^ ^ ^ 

by Acz^° SplXOrUS AUoys 014 grm from the annealed metal, whilst the hot 
acid dissolves 5 77 grms from the unannealed metal 
and 12 3 grms from the annealed metal According to P R Kosting and C Hems, 
with 0 5m discs of armco iron and 50 per cent phosphoric acid after an hour’s 
action, the loss in weight was 0 13 grm , and with the addition of 0 49 per cent 
arsenic oxide, 0 00 grm , with 0 75 per cent HC1, 0 04 , with 0 75 per cent pyridine, 

0 10 per cent , with 0 45 per cent HF, 0 14 per cent , with 0 27 per cent H 2 8iF 6 , 
0 14 per cent , with 0 75 per cent H 2 S0 4 , 0 16 per cent , with 1 c c of pine 

011 per 100 c c of soln , 0 05 per cent , and with 1 c c of mucilage per 100 c c , 
0 06 per cent V K Pershke and co-workers studied the resistance to the acid of iron 
alloys containing copper, lead, al uminium , and zinc Those with copper were best 
R L Jenkins and co-workers found that the presence of about 0 1 per cent of 
furfuraldehyde and 0 003 per cent potassium iodide inhibits the action of 75 per cent 
phosphoric acid on iron The action of phosphoric acid on iron and its alloys was 
studied by F Clarkson and H C Hethermgton, R Finkener, J H Gravell, 
J Heimaim, V K Pershke and co-workers, P R Kosting and C Hems, 
A M Porfcevm and A Sanfourche, M V Ruisakoff and I NT Buschmakin, and 
M Wander and B Janneret 


_ A method for protecting the suiface of lion and steel fiom rusting was developed by 
r W Coslett, 9 and hence called coslettizing The metal is coated with a basic iron phosphate 
by treating it with a dil soln of phosphoric acid to which some iron filing s have been 
added to control the action W I Oeschger modified the process by adding the oxide of 
+ m fourth, or fifth groups In one modification, manganese dioxide 

is added to T W Coslett’ s soln in order to accelerate the action by removing hydrogen 
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from the metal surface The patent was assigned to the Parker Co and hence the pieces* 
is called paike)izin<j The subject was discussed b\ W H Alien, E M Baker and 
co v orkers E L Blassett, 0 W Roskill J Cournot and co workers, I* 33 Eckelmann 
F Koike, L C Morrow, M T Murray E Rackvv itz and T W W unscii 

The effect of arsenic on iron was discussed in connection with the iron arsenides 
— 9 51, 10 G Tammann and K Schaarwachter 10 observed that the attack of 
iron by arsenic begins at 420° and increases rapidly with a rise of temp K Fried- 
rich gave the equilibrium diagram for the system re- As The alloys were dis- 
cussed by 0 Bauer, P Blum, A Carnot and E Goutal, H J French and T G Digges 
W Guertler, W N Hmdley, C J B Karsten, E Kordes, P E McKinney, 
J Marchal, W Mathesms, E Maurer and W Haufe, M Merle, P Oberhoffer 
F Osmond, and J Weeren C F Burgess and J Aston found that allots with 
4 per cent arsenic forge well, machine easily, and weld m the electric welder \\ ith 
high arsenic, dull forging heats are not suitable J E Stead found that 4 per cent 
of arsenic had no marked influence on the working properties , while P Blum said 
that 4 per cent of arsenic makes steel brittle , andF W HarbordandA E Tucker 
found that the presence of 1 4 per cent of arsenic does not make the metal red-short 
F Osmond added that arsemc raises the temp at which the arrest A 3 at 855° 
occurs m the coolmg curve, and makes the point less distinct , while it has no effect 
on the arrests A 2 and A 1? and it thus resembles the action of silicon — vide infra, 
the action of copper , and for P Oberhoffer and A Gallaschik’s observations, 
vide 9 51, 10 J Liedgens found 


Arsemc 

03 

07 

14 

19 

25 

33 

3 5 per cent 

Upper arrest, A s 

855° 

859° 

848° 

— 

— 

— 

— 

Lower arrest, A ± 

678° 

659° 

658° 

655° 

650° 

639° 

630° 


Observations were made by A E Cameron, and P E McKmnev G Hagg 
studied the X-radiograms of these alloys J 0 Arnold measured the sp gr of the 
alloys J Liedgens 5 observ ations on the p gr , the mechamcal properties, the 
electrical resistance, and the magnetic properties are summarized m Figs 355 and 
356- P E McKinney, and 0 Bauer studied the mechamcal properties of these 




Figs 355 and 356 --The Effect of Arsemc on the Mechamcal, Electrical, and Magnetic 

Properties of Iron 

alloys The tensile strength and elastic limit are expressed m kilograms per sq mm , 
the elongation and reduction of area in percentages , the electric resistance, m ohms 
per metre per sq mm sectional area , the hysteresis, m ergs per c c C F Burgess 
and J Aston also found that the magnetization of iron is impro\ ed b} the presence 
of arsenic The results for the magnetization, or magnetic mduction, B, of alloys 
of iron and arsemc — unannealed, annealed at 675° and 1000°, and quenched from 
900° — for magnetic fields of intensity H gauss, are given in Table XLIX, while the 
results for the coercive force CSmax =200), and retentivity (Hj^ =200) are given 
m Table L “S” refers to Swedish iron, and “ El 55 to electrolytic-iron forged 
Observations were also made by W M Hicks, E Iv Smith and H V \ufderhaar, 
and E Maurer and W Haufe 

P Berthier observed that arsemc alloys with iron are more readily corroded than 
iron alone E Heyn and 0 Bauer s experiments appeared to support this state- 
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Table XLIX — Magnetization oi Iron Arsenic Allots 


Arsenic 
(per 
cent ) 


H 

-=10 

i 


// = 100 


Not 

annealed 

. 

Anneiled 
at 67 j 

i 

Annealed 
-it 1000 

Quenched 
irom 900 

Not 

annealed 

Annealed 
at 675 

Annealed 
at 1000 

Quenched 
from 900 

s 

9 500 

10,000 

10,850 

8,400 

17 450 

18 000 

17 200 


El 

13 100 

10,000 

13,350 

11,800 

18,850 

18,850 

18 200 

18,150 

0 29 

1 10,500 

13,200 

10,800 

11,200 

18,350 

18 550 

17 850 

17 950 

0 43 

7,000 

7,800 

10 400 

8,100 

17 800 

18 100 

17,250 

17 600 

0 92 

6 200 

6 250 

11,950 

12,600 

17,950 

18 550 

17,950 

18,250 

1 81 

8,300 

11,850 

12,600 

30 300 

17,950 

18 750 

18,150 

18 250 

3 56 

12,400 

14 200 

12 300 

13,450 

17 950 

IS 750 

17 950 

18 000 

3 86 

13,850 

15 050 

14 S50 

13 600 

17,000 

18 650 

17 850 

18,100 

4 14 

13 300 

i 

14 200 

14,650 

~ — 

18,200 

18 450 

18,150 

— 


Table L — Coercive Force and Retentivity of Iron Arsenic Ailoys 


Arstnic 

Coerci\e force 

(per 





cent ) 

Not 

Annealed 

Annealed 

Quenched 


annealed 

at 675 

at 1000 

from 900 

S 

55 

48 

39 

50 

El 

55 

62 

51 

2 5 

0 29 

65 

55 

45 

40 

0 43 

82 

80 

55 

43 

0 92 

95 

92 

53 

30 

1 81 

59 

50 

37 

30 

3 56 

45 

40 

27 

2 7 

3 86 

40 

35 

20 

2 1 

4 14 

50 

33 

23 

— 


Retentn it\ 


Not 

mnealed 

Annealed 
at 650 

Annealed 
at 1000 

Quenched 
from 900 

11 400 

12 700 

9 000 

8,500 

12,300 

13 800 

10,000 

8 000 

12 400 

14,600 

9,900 

10 800 

12 700 

12 700 

9,400 

8 600 

12 700 

14,700 

12,300 

9,500 

10 300 

12 200 

8 900 

1 8 600 

11000 

13 400 

8,600 

8,900 

12 100 

13 000 

6,500 

8,600 

10 800 

12 300 

8,900 

, 

— 


ment, but they were not satisfied with the results C F Burgess and J Aston 
observed that with electrolytic iron alloyed with arsenic 

Arsenic 0 0 292 0 430 0 915 1 810 3 802 4 141 5 362% 

Acid corrosion 1300 0 448 0 8l r > 0 405 0 131 0 086 0 102 0 144 

Atm corrosion 0 499 0 405 0 343 0 425 0 352 0 312 0 361 0 306 

the acid corrosion refers to the loss m grams per sq dm when immersed m 20 per 
cent sulphuric acid for an hour , and atmospheric corrosion to the loss m kgrms 
per sq metre per year when exposed to the weather for 
162 days from July to February The resistance to atm 
corrosion is about the same as for electrolytic iron 
L Lmdet noted that the presence of arsenic tnoxide re- 
tards the corrosion of iron — wde infra — and 0 F Burgess 
and S G Engle, and E Heyn and 0 Bauer made a 
similar observation with arsenic tnoxide m sulphuric acid 
E Heyn and 0 Bauer’s results with 1 per cent sulphuric 
acid are illustrated m Fig 357, taking the result with no 
arsenic tnoxide present as the standard The addition of 
0 0069 grm reduced the attack to one third H Anthes 
observed the formation of arsine when arsenical sulphuric 
acid acts on iron Observations were made by W N Hindley, and A E Cameron 
and G B Waterhouse — vide 6upra } sulphunc acid When iron is allowed to stand 
m contact with anhydrous arsenic trichloride, L Kahlenberg and J V Stemle 
found that some arsenic separates out , at 10Q°, there is a feeble reaction They 



As&m gram per line 

Fig 357 — The Effect 
of Arsenic Tnoxide 
on the Attack of 
Iron by Dilute Sul 
phunc Acid 
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also observed no separation with arsenic tnbromide The effect of hydiothloric 
and on the toriosion of lion 1)} menu fiichloiide was studied h\ IT E Patten 
0 Timm inn and K Sohaaiwachter n observed that antimony begins to attac k 
non it about 010°, and the rate mci eases rapidh with rise of temp 0 T B Kaisten 
found that 1 per cent of antimony acts very injuriously on iron , 0 144 per cent 
made bar iron so cold short as to he worthless L J Thenard observed that an 
alloy of antimony with twice its weight of iron, sparks when it is filed The equili- 
brium diagram was studied by N S Kurnakoff and N S Konstantmoff — vide 
9 52, 9 G Tammann and W Salge studied the residue left after treating the 
alloy with an acidified soln of ammonium persulphate P Goerens and K Elhgen 
observed that the temp of the primary separation of austenite from molten pig 
iron, and the solidification temp of the eutectic, are lowered by antimony , the 
temp of the pearlitic change is not affected , and the magnitude of the recalescence 
decreased as the pioportion of antimony was increased G Hagg studied the 
X radiograms E K Smith and H C iufderhaar, and A M Portevm found 
that antimony affected the mechanical properties like arsenic does 4. L Norbnn 
andH J French and T G Digges studied some of the allov s C F Burgess and 
F Aston said that the allots of antimony seem of no value as a magnetic material 
The alloys die difficult to work W Guertler, and P Oberhoffer discussed the 
alloys, and A Lotti observed that iron pans are corroded b} molten lead containing 
antimony and copper H E Patten studied the corrosion of iron In antimony 
pentachlonde m the presence of h) droclilouc acid The reduction of antimony 
from soln of antimony salts has been previously discussed — 9 52, 6 The reaction 
was studied by J Thiele 

C J B Karsten found that 1 per cent of bismuth had little effect on the quality 
of the iron, but the metal did not work so well, C F Burgess and J Aston examined 
this subject The alloys were discussed m connection with the bismuthides — 9 
53, 7 G Hagg studied the X-radiograms C F Burgess and J Aston found 
2 per cent of diamagnetic bismuth improved the ferromagnetism of iron , other 
wise, the alloys furnished no features of particular interest For the action of 
antimony, vide the antimonides, 9 52, 9 , and bismuth, vide the bismuthides, 9 
53, 7 P Oberhoffer discussed the alloys N Ageeff and M Zamotorm studied 
the diffusion of bismuth in iron E K Smith and H C Aufderhaar found that 
bismuth softens and decreases the strength of cast iron The reduction of bismuth 
from soln of bismuth salts has been previously discussed — 9 53, 5 F E Brown 
and J E Snyder found that vanadyl trichloride, V0C1 3 , does not act on iron either 


at ordinary temp or at the b p 

S Konobejewsky 12 discussed the solid soln of iron in graphite , the solid soln 
of carbon in iron has been previously discussed G Ta mmann and K Schaar- 
wachter observed that carbon begins to attack iron at about 1145° H Trapp 
discussed the mechanism of the attack of iron by carbon For the action of carbon, 
vide infra , corrosion , cementation , the allotropic forms* of iron , the carbides, 
6 39, 20 , and vide supra for the effect of carbon on the physical properties 
of iron F Fischer and H Bahx studied the carbides , and W F Holbrook and 
co workers, the d iff usion of carbon m molten iron A Rossel, and A Rossel and 
L Franck found that when iron is heated with calcium carbide m air some iron 
nitride, and calcium oxide are formed 0 Me}er studied the action of sdicou 
carbide, chro mium carbide, and molybdenum carbide on iron, and found the 
metal is attacked at temp approximating 1500° The absorption of methane by 
iron is indicated m connection with Table LI G Charpy and S Bonnerot 
said that when iron is heated m contact with graphite it does not become 
carburized at 950° unless at least traces of oxygen or of a carbon oxide are 
present, but F Giolitti and co workers do not agree W Hempel, and F Osmond 
found that the diamond reacts with iron at 1160°, and sugar-charcoal and 
graphite at about 1400° Accordmg to R Schenck, the action of methane can 
be represented by the equation 3Fe+CH4=F|3C+2H2— 35,811 cals , w ere 
VOL xm ^ A 
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CH 4 =G+2H 2 — 21,368 cals The relative proportions of the gases at different 
temp , and under atm press , in the system CH 4 #C+2H 2 , are 



310 

445 

580 

680 

710 

720 
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ch 4 

99 20 

77 00 

36 65 

16 82 

13 00 

11 95 

10 90 

H 

0 80 

23 00 65 35 

83 18 

87 00 

88 05 
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and m the s} stem 

3Fe+CH 4 

#Fe 3 C+2H 2 
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1 70 
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77 30 
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\\ Fern te, austenite 


600 800 1000 

Fig 358 — Equilibrium Curves for the 
System with Methane and Iron 


The results are plotted in Fig 358 The two curves intersect at 720° The reaction 
was studied by T Watase, and F Eisenstecken — vide cementation The reaction 

^ was studied by A Johansson and R von 

Seth, E D Campbell, M Mayer and V Alt 
mayer F Durau and C H Teckentrup 
found that the absorption of methane bv 
iron is purely adsorption, and similarly 
with methane, ethane, and propane 
f J I Li L H S Tavlor and R M Burns observed 
' ' ! that at 25°, 100°, and 218°, one vol of 

iron absorbs respectively 0 25, <0 05, and 
<0 05 vol of ethylene The reaction was 
studied by R N Pease and H S Taylor, and 
W Ipateeff and N Kliukvm A Magnus 
and R Klar studied the absorption of 
ethylene by pyrophoric iron , and F Durau 
and C H Teckentrup found the adsorption 
of ethylene is purely an adsorption process, 
t. okq T? i t « j ooo and simi ] ar iy ^th propylene H Hollmgs 

Sjstem JhlfetW ^Iron “J R H . Griffith studied the adsorption of 

hydrocarbons H Moissan and C Mouxeu 
observed that finely divided iron catalytically decomposes acetylene into its 
elements, and at the same time forms a trace of a condensation product of 
acetylene The action of acetylene on metals was also discussed by H Reckleben 
and J Scheiber, W R Hodgkmson, E Tiede and W Jemsch, and J F Durand 
and M Banos U Hofmann and E Groll observed that the solid phase produced 
when benzene vapour acts on iron at 700° contains carbon, iron, and principally 
cementite S I Levy and R Defries studied the corrosive action of turpentine 
on nron U Hofmann and E Groll found that at 700°, benzene passed over 
iron furnishes carbon and cementite S P Uspensky and N I Laduizhmkova 
observed a loss of 10 mgrms per sq cm by 8 months exposure of iron to motor 
benzene E W Kaniftng and O W Brown studied the catalytic decomposition 
of kerosene by iron 

For the absorption of carbon monoxide by iron, vide Table LI A F Benton 
and co workers, K Iwase, F Rapatz, and A Yillachon and G Chaudron also 
discussed the subject F Durau and C H Teckentrup showed that the absorption 
is purely an adsorption process According to H S Taylor and R M Bums, 
Of vd of iron absorbs 0 70, 0 20, and 0 10 vol of carbon monoxide respectively 
** a 3 an< ^ ^®° A Stoffel said that the pentacarbonyl which is formed 
is adsorbed by the iron, and it forms a protective film on the surface of the metal 
in Parravano and C R del Turco found that deoxidizing agents m steel reduce 
“k® ^eluded carbon monoxide , and they also usually reduce carbon monoxide 
and dioxide at high temp KAO Elliott studied the oxidation of cystem and 
10 & ycolhc acid with iron catalysts P Farup discussed the catalytic action 
of iron ores in reducing carbon monoxide R N Pease and L Stewart compared 
catalytic activity of iron, nifkel, cobalt, copper, and silver on the hydrogenation 
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of ethylene , S Kodama, C M Loane, and H Ritter studied the catalytic action 
of iron in the synthesis of oils, etc R Yoshimura, A Jaeger, J H Jones 
and co-workers, S Kodama and K Fujimura, R N Pease and H S Taylor, 
P Rischbieth, H Tropsch and A von Philippovich, 0 Warburg, 0 Warburg 
and W Brefeld, and R Yoshimura, the activation of charcoal catalysts by iron , 
0 Baudisch and L A Welo, the formation of a blue colour with benzidine hjdro 
chloride and hydrogen dioxide, and the growth of the Bacterium lepisepticum , 
and M C Boswell and C H Bayley, the action of cenc oxide as a promoter of 
the catalytic activity of iron B S Snkantan compared the atomic energy and 
efficiency of iron as a catalyst 

H F Coward and P G Guest compared the ignition temp of gases by heated 
metal bars, and found that iron did not give comparable results H C Green- 
wood, and A Johansson and R von Seth, studied the surface decarbunzation of 
steel by heating it m carbon dioxide N Parravano and C R del Turco found 
that the deoxidation of steel reduces the amount of absorbed carbon monoxide, 
and that the usual deoxidizing agents, employed in the stc4 industry, reduce 
both carbon monoxide and dioxide at high temp H St C Deville observed 
that carbon monoxide, like hydrogen, can diffuse through red-hot iron, and a 
similar observation was made by T Graham According to C Decroly, at atm 
press , carbon monoxide does not diffuse through a steel tube of 3 5 mm thickness 
at 800° and at 1000° L Cailletet found that the gases which escape from cast 
iron m a state of fusion contain some carbon monoxide as well as hydrogen apd 
nitrogen T Graham obtained the gas from meteonc iron P A Klinger found 
that electrolytic iron with 0 03 per cent of carbon contained 0 0075 per cent CO 
and 0 0078 per cent C0 2 , and after heatmg to redness in carbon monoxide, contained 

0 0050 per cent CO, and 0 0059 per cent C0 2 , while with electrolytic steel with 

1 2 per cent of carbon and containing 0 0050 per cent CO and 0 0108 per cent 
C0 2 , after heatmg to redness m carbon monoxide, contained 0 0044 per cent CO 
and 0 0138 per cent C0 2 Observations were made by V Lombard, H C H Car- 
penter and C C Smith, N Nikitin, and A Yillachon and G Chaudron With the 
molten metals, P A Klinger found the results indicated in Table LI P D Menca 
discussed the effect of absorbed gas on the magnetic properties 


Table LI — The Effect of the Absorption of Carbon Monoxide b* Molten 

Iron 




Before 

After saturation CO 


C 

per 

cent 

O 

per cent 

CO 

per cent 

CO* 

percent 

O 

, per 
cent 

0 

percent 


CO* 

per 

Electrolytic iron 
Siemens Mai tin s 

0 04 

0 002 

0 0525 

0 0079 

0 03 

0 022 

0 0450 

— 

basic steel 

0 47 

0 008 

■lYtEfftV 

0 0059 


0 023 

01538 

— 

Crucible steel 

0 37 

0 035 


— 



01400 

— 

Crucible steel 

0 72 

0 002 

Kill 

■ * 



0 1337 



The formation of iron carbonyls by the action of carbon monoxide on finely - 
powdered iron at about 120° was discussed m connection with the carbonyls — 
5 39, 27 T Bahr observed that at 400° to 600°, some substances similar to 
humic acid are formed along with the carbon J Gamier inferred from the 
luminosity of the flame of furnaces in the manufacture of iron and steel, and from 
the nature of the flue-dust, that volatile compounds of iron and carbon monoxide 
are formed in the furnace , and H Morton, m manufacturing gas A Yillachon 
and G Chaudron considered that m molten iron, some carbon monoxide is 
dissolved as a carbonyl 

V Falcke, A N Guntz, H Nippert, H Nishimura, and H J van Rojen 
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found that iron reacts with carbon monoxide at about 600°, forming ferrous oxide 
and carbon The reactions were discussed m connection with the blast furnace 
R Schenck found the equilibrium conditions m the reaction 20CMC+ 00 2 
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and for the : 

leution 

3Fe+2C0^Fe 3 C+C0 2 
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CO 
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41 14 
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The results are plotted in Fig 359 along with an approximation for the reaction 
2CD+Fe 3 C=Fe 3 C2-bC02 There are also many other side-reactions, eg 

Fe3C+4C0 2 ^3Fe0 + 5CO, di&cussed- 
L Gruner, W Leybold, H C H Car 
penter and 0 V Smith, V Falcke, 
S Hilperfc and T Dieckmann, A Gautier 
and P Clausm«nn, etc — m connection 
with the different iron oxides ( qv ), and 
with the reactions m the blast-furnace 
(qv) J E Stead discussed the action of 
blast-furnace gases on iron W P Fishel 
andJ F Wooddell observed more carbon 
dioxide is formed with iron m carbon 
monoxide than corresponds with the 
equilibrium value at 800° to 1100° 
U Hofmann discussed the form of the 
carbon or graphite deposited on iron at 
900° According to A Gautier and 
P Clausmann, when a mixture of moist 
carbon monoxide and hydrogen is passed 
over iron at 250° to 300°, formaldehyde, 
o as well as a fatty substance of mp 

35 -36°, can be detected in the products of the reaction , and L Yignon observed 
that methane is formed between 500° and 1000° H Remy and H Gonmngen, 
H Remy, J V Yaughen and W A Lazier, A Bramley and H D Lord, W Gluud 
and R Schonfelder, E Audibert and A Rameau, K Fujimura, T Watanabe, 
and H Tutiya studied the catalytic decomposition of carbon monoxide by iron 
Accordmg to G Tissandier, at 1000°, iron in an atm of carbon monoxide forms 
ferrous oxide , and m an atm of carbon dioxide at 900°, ferrous oxide is formed, 
while at 1200°, ferrosic oxide is produced The reaction is discussed in connection 
with the respective iron oxides B Beer discussed the absorption of carbon 
dioxide by iron, see Table LII F Durau and C H Teckentrup showed that the 



Fig 359 — Eqmlibnum Curves for the 
System with Carbon Monoxide and Iron 


Table LII — Action or Carbon Dioxide on Iron 



before 

After saturation with C0 2 

f 

per 

cent 

O 

per cent 

CO 

percent 

C0 2 

per cent 

C 

per 

cent 

O 

per cent 

CO 

per cent 

C0 2 

per cent 

Electrolytic iron 
Siemens Martin 
basic steel 
Crucible steel 
Crucible steel 

0 04 

0 47 

0 37 

0 72 

0 002 

0 008 

0 035 

0 002 

0 0525 

0 0463 

0 0637 

0 0575 

0 0079 

0 0059 

0 03 

0 35 

0 27 

0 49 

0 020 

0 018 

0 025 

0 018 

0 0375 

0 1063 

0 1262 
01912 

0 0039 
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absorption process is purely one of adsorption A Magnus and B Klar, and 
N I Nikitin found tbat carbon dioxide is strongh absorbed b> p\rophoric iron 
even at ordinary temp , and a cbemieal action occurs at 500° , and R Ruer and 
J Kuscbmann, tbat 100 grins of reduced iron powder absorbed 5 mgrms of 
carbon dioxide P P Fedoteefi and T N Petrenko observed tbat the action 
of carbon dioxide at 1000° to 1100° resembles the action of steam — vide supra 
H S Taylor and R M Bums found that a little carbon dioxide — less than 
0 05 \ol per vol of metal — is absorbed at 25° and 110° F 6 Fmzel observed 
tbat a sample of non pyrophoric iron adsorbed more carbon dioxide than did 
a sample of pyrophoric iron P P Fedoteefi and T N Petrenko studied the 
oxidation of iron by carbon dioxide at 1000° to 1100°, and found that the 
composition of the product vanes contmuously from ferrous to ferro&ic oxide 
Observations on the action of carbon dioxide at a high temp were also made bv 
F von Bacho, G Neumann, P A Klinger, W H Hatfield, and C B Marson and 
J W Cobb H Tutiya observed the formation of no new compound m the 
catalysis of the decomposition of carbon monoxide by iron, the reduction proceeds 
F e203~>Fe304-^FeO-^Fe 3 C 

In 1774, T Bergman observed that iron dissolves m water holding carbon 
dioxide in soln J Tillmans and B Klarmann found that oxygen-free water, 
conta inin g carbon dioxide m soln , dissolves iron until its water has attained a 
H -ion cone of 10“ 7 The rate of dissolution depends on the velocity of flow, 
the time of contact with the pipes, the size and nature of the pipes, and the H -ion 
cone of the water The presence of iron tends to form a supersaturated soln of 
ferrous carbonate, the solubility product of FeC0 3 bemg 2 7 xlO“ 10 Water with 
less than 100 mgrms of H 2 C0 3 does not attack iron pipes to any great extent , 
but with more cone soln or carbomc acid, the attack is marked Carbonic acid, 
although a very weak acid, can act appreciably on iron , with an excess of carbon 
dioxide in theabsence of air, the reaction is symbolized 2H 2 0 +2C0 2 ==H >(HC0 3 ) 2 , 
and if an excess of iron be present, Fe+H 2 C0 3 =H 2 +FeC0 3 G T Moody 
observed that 250 cc of a sat soln of carbon dioxide in water at one atm 
press dissolved after 

20hrs 56hrs % hr** 26daja 

FeO per litie 0 254b 0 3771 0 8172 2 139 grms 

The soln was colourless in the absence of air, but when air was present, the 
mixture was coloured by the ferrous carbonate, and ferrous and feme hydroxides 
m varying proportions This reaction was also studied by G Just, R Girard, 
A Bramley and H D Lord, and G W Whitman and co workers — tide infra , 
Fig 360 W Leybold, and B Klarmann discussed the solubility of iron m carbomc 



acid — vide infra Accor ding to A Schleicher and G Schultz, the relative corrosion 
factors for wrought iron and cast iron in soln of carbomc acid are, respectively, 
100 and 273 in the absence of air, and 100 and 152 m the presence of air 
II Henecka, and R Muller and H Henecha found tint carbonic \cid under i 
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high pres^ dissolves iron to form easily soluble ferrous by drocarbonate , tbe 
equilibrium constant for tie reaction Fe+2H2C03=Fe(HC03) 2 +H 2ga8 , ls 
i?=[Te(HC03)J/H2C03] 2 , or K=1 2x10* There is also the reaction Fe(HC0 3 ) 2 
^FeC0 3 +C0 2 +H 2 0 H Henecka’s observations on the rate of soln of iron 
m water saturated with carbon dioxide at 50 atm press , and at temp between 
0° and 100°, are summarized m Fig 360, and the rate of soln of iron in water 
saturated with carbon dioxide at 30° and 20 to 50 atm press , m Fig 361 -~wde 
infra , ferrous hydrocarbonate W Leybold observed that water sat with carbon 
dioxide at atm press m 10 weeks dissolved 1 058 grms of iron Accordmg to 
A Bruno, the vigorous shaking for thirty-six to forty hours of a steel bottle con 
taming water and iron filings in an atm of carbon dioxide causes the whole of the 
carbon dioxide to be replaced by hydrogen according to the equation 
0O 2 +H 2 O+Fe==FeCO 3 +H2 If a glass vessel is used, this reaction is accom 
pamed by the absorption of part of the carbon dioxide by the alkali of the glass 
Further, a mixture of iron filings, water, and nitrobenzene yields aniline just as 
if a strong acid were employed P Petit found that when water containing 638 
mgrms of calcium carbonate per litre dissolved in carbon dioxide, but neutral 
to phenolphthalem, is brought m contact with finely powdered iron, more than 
half the carbonate is precipitated, and iron is dissolved Water sat with carbon 
dioxide will dissolve as much as 500 mgrms of iron per litre, with liberation of 
an eq quantity of hydrogen The iron is converted mto ferrous carbonate, and 
if the soln is exposed to air, ferric oxide is precipitated The water of the Moselle 
was found to dissolve 3 15 mgrms of iron per litre , if previously treated with a 
current of carbon dioxide for a few minutes, it dissolved 200 6 mgrms , but if mixed 
with lime water until slightly alkaline to phenolphthalem, it dissolved no iron at 
all J Y Emmons, and A Johansson and R von Seth studied the surface decar 
burization of steel by heating it m carbon dioxide P A von Bonsdorff observed 
that rusting does not occur m an atmosphere containing traces of carbon dioxide 
provided the conditions are such that no water can deposit on the metal 
U R Evans found that iron and steel rusted a little particularly along the small 
groo\ es left by the emery treatment when exposed to watei vapour alone , and 
carbon dioxide did not produce any great acceleration m the corrosion of iron and 
steel, though it appeared to favour the rusting 

A Bobs observed that the loss suffered by cast iron m contact with boiling 
carbon tetrachloride for 10 hrs is inappreciable , the metal acquires a dark coating 
which preserves it from further attack If the carbon tetrachloride is saturated 
with moisture, the metal is appreciably attacked by the boiling liquid A mixture 
of cnibon tetrachloride with one-third its vol of water caused cast iron to lose 
about 5 per cent of its weight m the course of 10 hrs 5 boiling The subject was 
investigated by A E Wood and co-workers, E Y Zappi, H W Doughty, 
\ W Smith, A Bolis, J R Crocker, H E Patten, S G Sastry, J Milbauer, 
L Yermtz and A Kudinova, and F H Rhodes and J T Carty T Midgley 
and A L Henne found steel resists the action of carbon diflnorodichlonde at 
175° J Formanek found that the action of carbon tetrachloride during 8 months 
is negligibly small, but with tnchloroethylene and tetrachloracetylene, the 
action is small but perceptible , J Milbauer observed that the presence of ethyl 
alcohol increases the rate of attack by boiling carbon tetrachloride H E Patten 
observed no action occurs with iron and chloroform, or ethyl chloride F Durau 
and C H Teckentrup observed that the absorption of chloroform by iron is 
purely an adsorption process J G Tapley and co-workers, HRS Clotworthy, 
B R Parkinson, and J B Peel and P L Robinson found that when iron is heated 
in the vapour of carbon disulphide, at 1000°, impure ferrous sulphide is formed 
M Delepine and L Ville investigated the action of carbonyl chlonde on iron 
J* Tapley and co-workers, J F G Hicks, and B R Parkinson discussed the 
corrosive action of hydrocyanic acid m town gas on the conveying pipes ( vide 
infra) , and G P Gray and E R Hulbert the action of hvdrocyanic acid on 
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various metals, most of which promote the decomposition of liquid hydrogen 
cyanide The action of cyanogen* and of cyanides on iron has been discussed m 
connection with the cementation process F Duran and C H Teckentrup found 
that the absorption of cyanogen by electrohtic iron is a chemical process 
V E Hillman and E D Clark, H Braune, H Fa\, W Giesen, J E Johnson, 
and J K Smith studied the mtrogemzation of iron b's means of c\ amdes M Ber 
thelot observed no reaction between iron and cy anogen m a sealed tube at 100° , 
at 300° some iron cyanide is formed without the evolution of nitrogen, and at 
500°, free nitrogen and some polymerization products are formed H Braune 
noted that the reaction with cyanogen is very slow at 600 3 to 700°, but rapid at 
1000° L Hackspill and R Grandadam found that iron reacts with the alkali 
cyanides m \acuo at 600° in accord with the equation 2NaCN~f-Fe 
=2Na+N 2 +Iron carbide, L Hackspill did not get the corresponding result 
with lithium cyamde W Heike, and A Vournasos did not observe any reaction 
between iron and fused potassium cyamde L Eisner observed that at ordinary 
temp iron dissolves in a soln of potassium cyamde, and hydrogen is evohed, 
and C Reichard said that cyanogen is given off M Centneiszwer and J Szper, 
and E F Kern observed that iron is dissolved m the electrolysis of soln of 
potassium cyanide — mde supra, the passivation of iron A Brochet and J Petit 
studied the action of soln of potassium *cvamde on metals under the influence of 
an alternating current F W Bergstrom observed that a soln of ammonium 
cyanide m liquid ammonia, with iron, forms a complex (NH 4 ) 4 ! FeC\ g’rcNHg , with 
mercuric cyanide, and with ammonium thiocyanate, under similar conditions, 
there is a very slow reaction , and with mercuric thiocyanate, the complex 
Hg(CyS)o 4NH 3 is formed When iron is heated with potassium thiocyanate it 
forms potassium ferrocyamde N Tananajeff and G Tkatschenko found that an 
aq soln of the salt dissolves iron, forming ferrous thiocyanate A Brochet and 
J Petit found that iron dissolves m a soln of potassium cyanate, hvdrogen is 
evolved, and potassium ferrocyamde is formed 

H Adkins and W R Peterson found that methyl alcohol is oxidized to form 
aldehyde, using iron or iron molybdenum as catalyst W Ledbury and 
E W Blair, and E W Blair and co workers observed that a 10 per cent soln 
of formaldehyde readily reacts with iron m a sealed tube at 155° Hence the 
danger of iron apparatus m the distillation of formalin H Will and 
F O Landtblom found iron and steel are not attacked by a dil soln of formalin, 
but a cone , 40 per cent soln readily attacks iron — possibly owing to the presence 
of some formic acid W Lob noted that a 20 per cent soln of formaldehyde 
slowly attacks iron G Batta found that the presence of a little formaldehyde 
m acids facilitates the dissolution of iron H Tropsch and O Roehlen studied 
the catalytic decomposition of formaldehyde by iron, and A Schellenberg, and 
H Tropsch and A Schellenberg, by methanol J Malmejac studied the action 
of 95 per cent alcohol on iron , and the action of absolute alcohol on the metal 
was studied by L Lmdet, E Boulanger, E Heinzelmann, K R Dittnch, and 
M Wawrzimok S P Uspensky and N I Laduizhmkova found that with com- 
mercial ethyl alcohol, iron lost 29 9 mgrms per sq cm m 9 months, and with 
co mm ercial methyl alcohol, 43 6 mgrms per sq cm m the same time , whilst with 
the vapour of co mm ercial methyl alcohol, 7 mgrms per sq cm were lost in 9 
months’ and with refined methyl alcohol, 6 7 mgrms per sq cm m the same time 
With acetone, iron lost 9 8 mgrms per sq cm in 8 months C Dufraisse and 
R Horclois studied the catalytic effect of iron on vanouB organic compounds, 
sodium sulphate, etc , and S Swann, the electro reduction of ketones at iron 
cathodes 

A Hebert studied the action of organic acids on iron A Scheurer Kestner, 
and K A Hofmann and G Bugge found iron dissolves in formic acid, producing 
ferrous formate H J Pnns found that the attack is hastened if nitrobenzene 
be present J H G Monypenny found that mild steel lo^t 0 33 mgrm per sq 
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cm per lir m 10 per cent formic acid J C G de Mangnac observed that when 
iron is allowed to stand in contact with acetic acid for a few weeks, crystals of 
ferrous acetate are formed The dissolution of iron by vinegars, and the corrosion 
of iron m the acetic acid industr} , was observed by B Franz, C Luckow, A Stem- 
metz, and W Hoffmann , and H Wieland and W Franke studied the speed of 
rusting m dil acetic acid P A von Bonsdorff, and N A Bouchkoff noted the 
rapid corrosion of iron in the vapour of acetic acid and an S Leet noted the 
graphititis of cast iron retorts m the distillation of vmegar —vide mfui Accoidmg 
to AV Rohn, cold, 10 per cent acetic acid dissolves m 24 lirs 0 14 grm per sq dm 
from the unannealed metal, and 0 21 grm from the annealed metal at ordinary 
temp , and with the hot acid, m 1 hr , 0 79 grm was dissolved from the annealed, 
and 0 76 grm from the unannealed metal F Schmitz observed that with steels 
contammg 0 06, 0 42, and 0 92 per cent of carbon, 20x20x10 mm with a 4 mm 
hole, the losses with 80 per cent acetic acid were, respectively, 0 700, 0 584, and 
0 886 grm m 180 hrs The action of acetic acid on iron was also studied by 

M Ballay, W Guertler and T Liepus, A Jouve, G W Whitman and R P Russell, 

P Bardenheuer and K L Zeyen, P Kotzschke and E Piwowarskv, O Krohnke, 
and M L Hamlin and F M Turner According to W H Hatfield 

Steel 

Steel Cast iron 

Electroljtxe Armco brought 0 3‘> per 0 92 per 11 75 per 3 3 per 

iron iron iron cent C cent C cent Mn cent C 

Wine vinegar 0 0061 0 0053 0 0139 0 0044 0 0042 0 0397 0 2640 

Acetic acid, 33 pei cent 0 0128 0 0133 0 2810 0 2072 0 1697 0 0999 0 6693 

Citric acid, 5 per cent 0 0106 0 0163 0 1943 0 2025 0 1843 0 0965 0 1950 

J H G Monypenny found that the losses of mild steel m mgrrns per sq cm per 
hour with 5, 15, and 33 per cent acetic acid were, respectively, 0 067, 0 105, and 
0 115 , and with glacial acetic acid, 0 124 H J Prms found that the dissolution 
of iron m acetic acid is accelerated by the presence of nitrobenzene The effects 
with \ anous alloy steels (q v ) were studied by J H G Monvpemry , W H Hatfield, 
O K Parmiter, H S Rawdon and A I Krynitsky, A Furth, and M L Hamlin 
and F M Turner G Arth observed that m dil acidic soln of alkali acetate, 
and a low current density, iron goes mto soln , but at higher current densities the 
metal becomes passive F Wust and N Kirpach found the average losses per 
sq cm per hour with iron m an agitated 40 per cent soln of monochloroacetic 
acid were 0 10 mgrm in the first 24 hrs , 0 16 mgrm in the second 24 hrs , 0 14 
mgrm m the third 24 hrs A Renard observed that propionic acid dissolves iron, 
forming pale green crystals of the ferrous salt 

According to A Hebert, steanc acid, and other fatty acids, when heated with 
iron to 350°, form ketones which decompose at that temp The reaction was 
studied by A Mailhe, T H Easterfield and C M Taylor, and G Schicht and 
A Grun, who assumed that the formation of a ferrous salt precedes the formation 
of the ketone W Smgleton found that steel is corroded after standing 1000 hrs 
at 80° m contact with stearic acid, whilst oleic acid at 60° and 80° did not corrode 
the metal C B Gates obtained a similar result with oleic acid, but A Gunn and 
E F Harrison found that at ordmary temp iron is perceptibly attacked during 
a prolonged contact with oleic acid, aiid the acid is coloured dark red or brown 
M Welwart made analogous observations E Marazza said that wrought iron 
resists attack by the fatty acids better than steel or cast iron — vide tnfia, greases, 
and oils Stainless steel was found fry J H G Monypenny to resist ittack b} 
oleic acid at ordinary temp and at 60° for prolonged periods of tune C B Gates 
found that coppei is precipitated b) iron from a soln of copper olcati , or from 
fused copper palmitate, stearate, or margarate ( ) V Hunziker and < <> workers 
studied th< ictioii of lactic acid and milk on iron b Schmitz found that with 
tiisc acid (1 2) md simples of iron, 20y20^ H) mm, containing 0 06, 0 42, 
and 0 92 per cent of ( irbon, ^heu the test pitus Jud i 1 mm holt, th< losws 
mpectnoh 0 195, 0 370, md 1 812 per cent m IN) hrs , \\ II H itiuld s 



observations with 5 per cent citric acid are indicated abo\e ‘'k K Jan men also 
studied this subject J H G Monypenn'v found mild steel lost 0 260 mgrm 
per sq cm per hour m 6 per cent citric acid T N Morris and J M Bryan 
noted that traces of a salt of tin inhibit the corrosive action of citric acid 
V Duffek, and A Jouve studied the corrosi\e action of tartanc acid — ude infra 
J H G Monypenn\ found that mild steel lost, re&pecti\eh, 0062 and 0 14 mgrm 
per sq cm per horn m normal and m 25 per cent tartaric acid 1 Jouve 
studied the corrosrve action of oxalic acid 0 Bauer and W Mecklenberg 
observed that dil oxalic acid has a mild action on iron and it forms a pro- 
tective him of ferrous oxalate on the metal J H G Monvpenm found that 
mild steel m a normal soln of oxalic acid lost 0 036 mgrm per sq cm per hour, 
and F Wust and N Kirpach observed that the losses m mgrm per sq cm 
per hour m cold sat soln of oxalic acid were 0 052 during the first 24 hrs , 
0 070 during the second 24 hrs , and 0 060 during the third 24 hrs V Duffek 
studied the action of oxalic acid F W Bergstrom observed that a soln 
of ammonium oxalate in liquid ammonia acts \ery slowh on iron R Girard 
studied the attack by carbolic acid or phenol — vide supra , hydrochloric acid 
J H G Monvpennv found that mild steel loses 0 005 mgrm per sq cm per hour 
when m contact with 5 per cent carbolic acid F Zetzsche and co workers observed 
that the hydrogen of the OH-groups of some phenols can be replaced directly bv 
iron when the soln also contains some water D Muller, R E Lyons and 
L T Smith, G Bunge, H East, L Loskiewicz, J Saposchmkoff , and F W Richard- 
son examined the action of picric acid on iron According to H Pomeranz, the 
mtro groups of picric acid, m hydrochloric acid soln m contact with iron, are 
reduced to ammo groups , the ferrous picrate first formed is rapidly oxidized to 
ferric picrate F Wust and N Kirpach found that the losses in mgrm per sq 
cm per hour in a cold, sat soln of picric acid were 1 20 m the first 24 hrs , and 
0 70 m the second 24 hrs , after that, a protective film appeared on the metal 
\ ule sup) a, the etching of non by picric acid and picrate s discussed by H H Shep- 
herd, J H G Monvpenn}, and Societe Grauer et Weil J B Trommsdorff 
observed that iron is very slightly soluble m an aq soln of benzoic acid ; and 
S Barilan, that salicylic acid, with iron filings, develops a little h) drogen, very 
slowly at ordinary temp and more rapidb when warmed F Zetzsche and co- 
workers added that the evaporation of the soln furnishes ferrous salicylate 
W J Clark found that gallic acid forms ferrous gallate m contact with iron — 
vide infra , inks M Schirmonsky, and St Remer studied the action of naphthenic 
acid on iron 

According to S Micewicz, nitrobenzene is readily reduced to aniline by 
powdered iron, and in an aq soln of magnesium chloride — the compound 
2C 6 H 5 NH 2 MgCl 2 6H 2 0 is said to be formed at an intermediate stage of the reaction 
S G Sastry, and H W Doughty examined the corrosion of metals by organic 
halides L Luuyt noted that soln of sugar attack iron According to D Klein 
ind co-workers, if iron is heated with a soln of cane-sugar m a sealed tube at 115° 
to 125°, it is strongly attacked, and hydrogen is evolved Some ferrous acetate 
is formed Similar results were obtained with invert-sugar and maltose, but 
glycerol and manmte acted more slowb J H Gladstone, C Kosmann, A Lodm, 
L Ka\ ser J H G Monypenn}, D Klein and A Berg, I McNiece, and 
K K Jar\ men studied the corrosive action of soln of sugar on iron at ordinary 
temp If air is excluded, no action occurs M L Hamlin and F M Turner 
found that molasses slowly attacks iron JAN Friend and co-workers, 
W H Hatfield, and J H G Monypemrv discussed the action on iron of organic 
c olloids and foodstuffs 

P H Emm ett and R W Harkness studied the oxtdytic decomposition of 
azomethane, dimethylhydrazine, and ethylamme by iron L Vignon, J T Wood, 
T L Pbipson, and L Manstctten examined the coirosrve lotion of tannin on iron 
phtes J 1 Or ibtrco nidi} E Mittluws observed tint hydroqumone, and 
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pyrogallol developing baths are discoloured by iron , and they, and also E Eule, 
examined the action of other photographic soln on the metals A Benedicenti 
and S Rebello-Alves found that powdered iron unites with the protein when 
shaken wrth a soln of egg-albumin or blood serums According to H Handowsky, 
the oxidation of leucine is not affected when a 0 5 to 1 0 per cent soln is shaken 
m air or oxygen with ferrous sulphate, ferrosic oxide, ferric oxide hydrosols, and a 
mixture of iron and iron oxide obtained by heating the oxalate Iron obtained 
by the hydrogen reduction of the oxide effects the oxidation of leucine with the 
production of carbon dioxide, ammoma, and isovaleraldehyde (isolated as the 
mtrophenylhydrazone) Glycine, alanine, valine, tyrosine, histidine, formyl- 
leucine, and glycyl-leucine are similarly oxidized by the reduced iron, yielding 
substances which give a positive fuchsme sulphurous acid reaction The oxygen 
uptake with leucine is never more than 19 per cent of that required for complete 
combustion , and the oxidation is inhibited by hydrocyanic acid When the heated 
reduced iron is cooled m nitrogen a black iron powder is obtained winch has no 
oxidizing action on leucine but if the mactive iron is reheated for some time and 
subsequently cooled in hydrogen, the oxidizing power is regenerated Consequently, 
it is not the iron but the hydrogen dissolved m it which effects the oxidation of 
ammo-acids, and the “ active } hydrogen reacts with oxygen to give hydrogen 
peroxide which is catalytically decomposed on the surface of the iron Similarly, 
animal charcoal loses its power to catalyze the oxidation of leucme when heated and 
cooled m nitrogen, but regains this power when reheated and cooled m hydrogen 
The active iron was studied by 0 Baudisch and L A Welo, and by A Simon and 
K Kotschau It gives a blue colour in contact with an alcoholic soln of guaiacum 
resin and hydrogen dioxide, and it also gives a blue colour with a soln of 
benzidine — vide ferrous salts J C Elgin and co-workers studied the effect 
of iron and mckel catalysts on the sulphur naphthas and petroleums , and 
K A C Elliott and N W Pirie, the catalytic action of iron m the oxidation of 
cysteine, and thioglycolic acid 

The corrosion of iron by the by-products m the manufacture of coal-gas was 
discussed by E Donath, 13 P Parish, W E Dennison, and A R Warnes and 
W S Davey , coal-tar, by F J R Carulla , coal-tar fractions, by A R Warnes 
and W S Davey, U Ehrhardt and G Pfleiderer, W A Damon, W E Dennison, 
and F Fischer, liquid fuels— gasoline, etc — by E K 0 Schmidt, S H Diggs, 
and K R Dietrich According to A R Warnes and W S Davey, the dissociation 
of ammonium chloride, ammonium sulphide, ammonium hydrosulphide, a mm oni um 
cyanide, and the subsequent action of the dissociation products upon the iron are 
the chief causes of the corrosion, the rate of the action being probably increased 
by electrochemical conditions Stram may have contributed towards corrosion 
by producing a certain amount of molecular instability m portions of the iron 
plates, thus rendering those parts more easy of attack The final products mto 
which the corroded iron is converted are chiefly ferrous sulphide and ammonium 
ferrocyanide Ammonium chloride exerts a more corrosive action upon the iron 
than ammonium sulphide The corrosive efiects of oil refining products were 
studmdbyO N Edgar, G Eglofi, G EgloffandJ 0 Morrell, R Lind,W R Finney 
?f d H v Young, R R Matthews and P A Crosby, R V A Mills, H F Perkins, 
D E Pierce, H Schmidt, F W L Tydemann, and R E Wilson and W H Balke 
j. ito er anc * " ^ohwaibold determined the corrosion of iron by tea and coffee 
at 75 m grams of metal per sq m in 24 hrs , and found the losses to be 


Time 

Tea 

Coffee 


10' 

1' 10" 

5 ' 10 ' 

42' 30" 

2 5 hrs 

42 5 

42 S 

35 0 

18 0 

15 0 

16 3 

17 5 

15 0 

113 

55 


5 hrs 40 22 hrs 40' 

63 50 

45 50 


The corrosion of iron by coffee vapours was studied by R Evans G N Guam* 4 
iOTad chrome-steel suffered no perceptible loss after 30 nuns’ contact with milk 
lhe corrosion of non by beer was studied by J Brand, L Nathan, and H Seyffert , 
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wood, by F C Calvert, and P Rohland , flour paste, by T Thomson , by mis, 
by 0 Bauer and W Mecldenberg, by gunpowder, by E H Schulz, and A Wright, 
b} tanning liquors, b> A Gansser, and M P Bilfe and H Phillips , by india- 
rubber, In C 0 Weber, and W Thomson and F Levis , bv paper, by P Klemm , 
and b) perspiration, bv W J Hufl, and H E Yerbury 

Corrosion may be hindered or inhibited b} grease which acts bv preventing 
water from coming m contact with the metal and thus suppressing one of the con- 
ditions necessary for corrosion Thus grease ma} be associated with water m 
the form of an emulsion Man} forms of grease and oil are really salts of organic 
acids Thus, olive oil is a glyceryl oleate which forms glvcerol and oleic acid when 
hydrolyzed by water The glycerol was found by D Klein and A Berg 15 to have 
no action on iron, but the org&mc acids slowly attack the non, forming, say, ferrous 
oleate, which is decomposed by the oxygen of the air to form hydrated feme oxide 
and oleic acid E A Cowper emphasized the deleterious effects of the conversion 
of common grease into acid grease m boilers , and J Stmgl, and F J Rowan, 
the corrosive effects produced by the introduction of greasy water mto boilers 
The action of lubricating oils on metal was discussed by S Aismmann, A H Allen, 
P T Bruhl, P Cuypers, J Dewrance, S Remer, E Donath, W R Finney 
and H W Young, M Cook and U R Evans, C Fichandler, JAN Friend, 

J E Hackford, H von der Heyden and K Typke, W J Huff, A F Meston, 

W Singleton, H Schmidt, H G Smith, H Spurrier, C W Volney, and 

H J Young , and of liquid fuels, by K R Dietrich H von der Heyden and 

K Tvpke discussed the action of transformer oils m iron , R E Wilson and 
W H Balke, and H F Perkins, the corrosion of iron in oil refineries, 
E K 0 Schmidt, M Wawrzmiock, and H J Young, the corrosive effect of 
motor oils , F G Hoffmann, the corrosive action of tar and benzene vapours , 
Wo Ostwald, benzene, and F Schuster, naphthalene and the protective action 
of tetralene, C 10 H 32 

The drying oils employed m the manufacture of pamt exert very little solvent 
action on iron W H Watson’s observations on the marked effect of linseed 
oil in 24 hrs are so different from those of W Marcey, and JAN Friend, that it 
is probable that the oils he employed were very impure W Marcey observed 
no action durmg 3 days’ exposure of iron to linseed oil, and JAN Friend observed 
no action with raw linseed oil, poppy oil, and tung (or Chinese wood) oil when 
alternately heated to 100° and cooled for 12 days , also when the iron was exposed 
to the action of the oil for 5 months The metal always remained bright With 
boiled lmseed oil, the metal was dulled m every case, and the slight loss through 
the solution of the iron was more or less counterbalanced by the gam due to oxida- 
tion L L Steele studied the effect of iron soaps on the drying of linseed oil 
W Marcey found that with 10 days’ exposure to the action of non-drying fatty oils, 
there was a loss of 0 0025 grm with 2 1830 grms of iron with olive oil , and with 
this as an arbitrary standard of 100, the solvent action with sperm oil was 48 , 
with neatsfoot oil, 44 , with cotton-seed oil, 36 , with castor oil, 28 , with lard 
oil, 20 , with almond oil, 16 , and with rape oil, none R M Corelli studied 
the action of castor oil on several metals A E Tucker found that with 500 c c 
of oil acting on iron for 26 hrs , the following amounts of metal dissolved sperm 
oil, 0 0370 grm , lard oil, 0 0120 grm , olive oil, 0 0314 grm , castor oil, 0 0034 
grm , valvoline, ml , cylinder oil of sp gr 0 921, trace , and lubricating oil of 
sp gr 0 915, a trace I J Redwood found the following percentage losses of metal 
durmg 12 months’ action at atm temp with min eral lubricating oil, 0 02693 , 
olive oil, 0 17187 , rape oil, 0 04418 , tallow oil, 0 20603 , lard oil, 0 11111 , cotton- 
seed oil, ml , sperm oil, 0 09210 , whale oil, 0 12279 , seal oil, 0*01539 Signs of 
rusting occurred with the tallow, lard, cotton seed, and seal oils D Holde also 
examined the action of some lubricating oils on plates of iron 30 mm x4 mm m 
an autoclave at 10 atm press for 2, 4, and 6 hrs , with light mineral oil the losses 
were respectively, 3, 3, and 4 mgrms , with heavy mineral oil, 4, 4, and 4 , with 
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raw rape-seed oil, 0, 5, and 41 , with refined rape seed oil, 1 to 15, 12 5 to 66, and 
118 to 205 , and with tallow, 0, 21, and 168 R M Corelli examined the action 
of castor oil on metals , S Macadam, and 0 Engler, the action of petroleum, and 
paraffin oils, G Egloff, oil refining products, and Wo Ostwald, the action of 
benzol A Boutanc and R Amiot measured the adhesion of lubricitmg oils to 
iron 

For the action of silicon, vide the sihcides — 6 40, 13 , and mile infra , Fe-Si 
al!o}s F Osmond 16 observed that as the proportion of silicon increases, the 
conversion of a to iron is retarded, and with 2 per cent of silicon, the conver 
sion is practically zero , the arrest m the cooling curve A2 at 730° — 720° takes 
place at 710°— 700° , and the arrest A x at 660°— 650° is raised to 710°~700° 
— mde infra, the silicon steels H Hanemann found carburized iron reduoed silica 
from fireday crucibles to silicon L Troost and P Hautefeuille observed a siliceous 
rock rapidly attacked cast iron at an elevated temp A Becker and H Salmang 
did not observe any reaction with glass and iron of a high degree of purity at 1450°, 
although with ordmary iron containing carbides and silicides there is a reaction 
U R Evans found that a soln of sodium silicate, like other alkaline soln , retards 
the corrosion of iron E Vigouroux represented the reaction with silicon tetra- 
chloride at a high temp SiCl 4 +4Fe=Fe 2 Si-f2FeCl 2 The reaction was studied 
by G Rauter, and H E Patten H zur Strassen applied the mass law to the action 
of iron on nickel silicate Fe+NiSi0 3 ^Ni+FeSi0 3 +7 6 to 9 5 Cals , and found that 
for the equilibrium constant in [Fe] [N1S1O3] = A[Ni] [F eSi0 3 ] , A— 6 53xl0 -3 at 
750° K, and 7 25xl0-~ 3 to 7 44X10 -3 for T=1840° K W Heike represented 
the reaction with ferrous silicate 3Fe-f FeSi0 3 ^3Fe0+FeSi G Tammann and 
H Bohner observed that iron precipitates 58 per cent of the nickel from the slag, 
CaO NiO 2Si0 3 O Ruff and R Ipsen observed that at a red-heat, titanium 
tetrafluonde is reduced by iron , and L Levy, that titanium tetrachloride is 
not decomposed by iron at a red hear H E Patten observed that iron is not 
corroded by stannic chloride For the action of boron, vide the borides— 5 
32, 4 Iron containing boron was found by F Osmond to behave like iron with 
carbon in that the arrest A 3 is lowered from 855° to 805°, and partly at 735° 
to 725°, or becomes coincident with A 2 — mde infra , the action of copper 
H Moissan found that boron trichloride acts on iron at a red-heat, forming 
ferrous chloride and ferroboron 

The action of iron on the metals is discussed in connection with the alloys 
and mtermetallic compounds K A Hofmann and H Hiendlmaier 17 found that 
iron is readily attacked by burning potassium. W G Imhoff, E J Darnels, and 
C Diegel found that molten zinc at galvanizing temp readily attacks cast and 
malleable iron, and that the presence of chromium and nickel does not make the 
metal more resistant , R Perrin said that interpenetration occurs when steel is 
heated in contact with bronze , R Genders, with brass , and C E Schwartz, 
with lead L Hackspill observed that at 1400°, under a press of 0 1 mm , lithium 
oxide is reduced by iron to form lithium G Tammann and E Kordes found that 
copper oxide can react with iron in the solid state, at 610°, and B Garre observed 
that when a mixture of powdered iron and copper oxide is compressed and heated 
to 700°, the tensile strength rises from 7 0 to 46 8 kgrms per sq cm , and it is 
supposed there is a diffusion from iron to copper oxide and conversely J E Stead 
also found that cupric oxide is reduced by iron at 780° to form copper H Moissan 
found that molten calcium oxide rapidly attacks iron According to G Tammann, 
G Tammann and E Kordes, and D Balareff, iron reacts with lead oxide m the 
solid state at 460° G Tammann and E Kordes observed that tungstic oxide 
rea cts^ w ith iron at 300° to 340° L A Hallopeau fo un d that molten lithium 
tungstate dissolves iron M Billy found that feme oxide is reduced to a lower 
oxide when heated with iron , ferrosic oxide under similar conditions reacts at 
570£, and the reaction was studied by L B Pfeil B Garre found that nickel 
cnode reacts w ith iron at 610°, and the re action was studied b) ) E Kttud 1 1 ^ur 
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Stnsben represented the action of nickel oxide on iron by the equation 
Fe+NiO=Ni+FeO+6 4 to 14 2 Cals 

The earlv workers, J L Gi\ Lussac and L J Thenard, H St C Deville, 
and H Debrav observ ed that it an ele\ ated temp , iron reduces the alkali hydroxides 
to the corresponding metal L Hackspill and co workers observed that iron dis 
places the alkali metals, excepting lithium, from sulphates and arsenates at their 
m p , from thiocyanates at 650° , from borates and phosphates at about 140CT , 
and from the alummates at the m p of iron Lithium is formed from the oxide 
or silicate at 1300° Potassium sodium and lithium hydroxides are reduced 
2 Fe-r 3 K 0 H^Fe 2 03 +l^H 2 + 3 K, the reaction with potassium hydroxide begins 
at 500°, and at 600° to 650°, 70 to 80 per cent of the h} droxide is reduced to metal, 
the} also obtained potassium and sodium bv heating the alkali hvdroxide with iron 
and coke 

A Scheurer Kestner found that fused alkali hvdroxide rapidlv attacks iron, 
particular!} under the influence of pressure- wrought iron is more rapidlv attacked 
th an ca st iron C E Grov es found that solid pot xsMura h v droxide, ith 5 pet c ent 
of water, and fust-d at a gentle lieat, attacks steel readih under conditions where the 
iction of sodium In droxide is much less W \ en itor observed that different kmds 


of iron— cast iron, wrought non, steel, and forged iron— were strongly attacked b\ 
boiling soda l\e, and hydrogen was given ofi Commercial sodium hvdroxide was 
employed, and pieces of metal of 32 sq cm surface area and weighing nearly 
50 grms , were submerged m the alkali The alkali was contained m a silver v essel 
which exerted no electrolytic action on the iron The following losses were observ ed, 
under similar conditions 

Fused XaOH 80 per cent 4G per cent 20 per cent 

t * v lye be be 

400 350 200 1d0° 150° 


Cast iron 
Wrought iron 
Steel 


0 1969 
0 1660 
0 2072 


0 1568 
0 0348 
0 0193 


0 3680 
0 1422 


0 0345 
0 1928 
0 1322 


00000 
0 0723 
0 0133 


The results show that the action of the fused alkali is intensified by a rise of temp , 
the effect of dilution is to reduce the action on cast iron so that with a 20 per cent 
soln at 150° no perceptible action was observed According to M le Blanc and 
O Weyl, fused potassium hydroxide attacks iron appreciably between 550° and 
660°, but evidence that potassium or hydrogen are formed is lacking , m the case 
of fused sodium hydroxide between 400° and 720°, the evolution of hydrogen and 
the formation of water were taken by M le Blanc and L Bergmann to prove that a 
compound Fe(ONa) n is formed The dehydration of sodium hvdroxide which 
occurs at 400°, and the stability of the products at temp up to 720°, show that the 
formation of water cannot be due to the simple reaction 2Na0H=Na 2 0+H 2 0 
The action of fused alkali hydroxides on different forms of commercial iron was 
studied by R Rossberg, C Fohx, and A Scheurer-Kestner W Hentschel observed 
that at a red-heat iron does not act on sodium hydroxide with up to 1 per cent of 
water, but if 1 to 4 per cent of water is present, the action is turbulent, but the 
action is mild at temp below a red-heat A Thiel and H Luckmann noted that 
with 25 grms of iron powder and 0 OlA-NaOH, at ordinary temp , 0 01 c c of hj dro- 
gen is evolved per hour The subject was studied by J Woost, and F Haber and 
L Bruner J M van Bemmelen and E A Klobbie said that the primary reaction 
is the formation of sodium ferrite, Na 2 0 Fe 2 0 3 St Meumer noted the formation 
of a ferrate when the fused alkali hydroxide attacks the metal m air The action of 
fused sodium hydroxide on iron and steel was also discussed by W Dittmar, 
T Wallace and A Fleck, H Ostermann, H Brunck and G Graebe, A Fry, 
J A Jones, J H Andrew, H E Balsford, M L H amli n and F M Turner, 
J L Everhart, and H F Whittaker 

A Payen, and A Wagner found that dil alkali-lye retarded the rusting of iron 
at ordinary temp , and G Lunge found that while a 10 to 20 per cent soln of soda- 
lye has a slight action, a 50 per cent soln attacks the metal strongl} E Heyn 
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and 0 Bauer found a maximum attack occurs with a cone of 0 0025 rnols per litre, 
or 0 1 grin per litre , as the cone of the soln increases, the action is lessened, so that 
withlgrm per litre there is scarcely any action at all F N Speller and C R Tester 
did not get a maximu m in the curve , within the limits 0 005 to 1 05 grin per litre, 
i e in the p# interval 8 4 to 12 8, the corrosion decreases with the alkalinity of the 
soln G W Whitman and co-workers suggest that the maximum with experiments 
in open vessels is due to the action of atmospheric carbon dioxide The formation 
of a protective skin on the metal was discussed by F Haber and F Goldschmidt, 
and W R Dunstan and J R Hill —vide supra , passivity 

The action of soln of alkali hydroxides is discussed in connection with the 
corrosion of iron and steel JAN Friend observed that the corrosion of wrought 
iron or steel in dil soln of the alkali hydroxides, like 0 022V-NaOH or 0 022V NH 4 0H 
is prevented, and cast iron acquires a thin film of a bronze coloured oxide 
T Turner found that whilst acids attack the ferrite and leave the graphite, cementite, 
and phosphide of cast iron, cone alkali-lye leaves the ferrite and attacks the carbide 
of a pearlite J C Poggendorf, F Haber, and W Pick showed that when iron is 
made the anode in alkali-lye, cast iron is more readily attacked than other forms 
of iron, ^nd that when iron is boiled gently m cone soda-lye, ferrous oxide passes 
into soln , and on exposure to air, ferric oxide is precipitated — vide infra , the 
femtes If iron is made the anode m a cone soln of soda-lye or potash 1) e, using 
a low current density — say, 0 001 amp per sq cm — alkali ferrate is formed Soda 
lye acts more rapidly than potash lye because of the greater solubility of sodium 
ferrate At 100°, A Thiel and H Luckmann found that 0 01 to 0 liV-NaOH 
attacks iron less than does distilled water, and the reaction rapidly slackens as a 
protection skm is formed on the metal In an autoclave at 200°, the protective 
oxide film is continuously dissolved E Berl and F van Taack found that at 
1000 atm press and 310°, a maximum attack occurs with 0 022V-NaOH (0 8 grm 
per litre) E Berl and co-workers found that soda-lye with 0 5 to 5 0 grms per 
litre and at press up to 50 atm exerts only a small action on iron, but the action 
increases with rising temp and press , soln with 100 to 400 grms of sodium or 
potassium hydroxide per htre have a deleterious action on the mechanical properties 
of iron The presence of atm oxygen does not strengthen the attack by cone 
alkali-lye With 10 grms of powdered iron, after 16 hrs 9 action, at 50 atm press 


NaOH 

0 56 

1 15 

2 17 

30 

54 

1 1 80 grms pei 1 

Hydrogen 

60 100 

170 

175 

370 

550 c c 

Fe 

99 01 

99 28 

99 32 

99 07 

99 12 

98 10 per cent 

FeO 

017 

0 37 

0 34 

0 50 

0 52 

132 „ 

No ferric oxide is formed With lye containing 1 15 grms per litre 

Pressure 

30 

50 

80 

100 

150 

200 atm 

Hvdrogen 

Small 

100 

240 

270 

320 

410 c c 

Fe 

99 48 

99 30 

99 38 

98 70 

97 25 

91 08 pei cent 

FeO 

013 

0 10 

0 10 

0 29 

0 82 

7 25 

Fe 2 0 3 

— 

— 

— 

— 

0 11 

0 82 „ 


The variations in the degree of oxidation with press and cone of lye are plotted 
m Fig 362 The reaction can be symbolized by Fe+Na0H+H 2 0=H0 Fe ONa 
i-H 2 , followed by HO Fe 0Na+H 2 0=Fe(0H) 2 +Na0H , or Fe+2NaOH+H 2 0 
=H0Fe(0Na) 2 +l£H 2 0, Mowed by HO Fe(ONa) 2 +2H 2 0-Fe(OH) 3 +2NaOH 
W Dittmar, G Zirmte, C H Cribb and F W F Amaud, M V Pershke and 
L Popova, J L Everhart, F N Speller and C R Texter, H F Whittaker, 
0 E Stromeyer, P D Menca, M L Ha mlin and F M Turner, J H Andrew, 
F Lyon, E Heyn and O Bauer, and A J Hale and H S Foster examined 
Hie effect of aq soln of the alkali hydroxide on iron The utilization of the 
facte in alleviating the attack of water on boilers was discussed by R Baumann, 
5 CQ ; w °rkers, R E Hall and co-workers, G Neumann, S W Parr and 

G Straub, A Splittgerber, F G Straub, R Stumper, A Thiel and co-workers 
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F Sclimitz found that with 0 06, 0 42, and 0 92 per cent carbon steel, 20x 20x10 
mm with a 4 mm hole, the losses m potash-lye (1 2) were 0 000 per cent during 
180 hrs attack J A J ones observed that cracks de\ elop m mild steel plates in 
soln of potassium hydroxide, and this was attributed to the action of the alkali on the 
mtererystalhne cement — vide inf a T Geuther discussed the formation of hydrogen 
b} heating powdered iron with 

calcium hydroxide E Heynand 0020 ° , * # kgrs NaOHpe-btre 

0 Bauer found that calcium ^ t 1 , i ; ] i | [ j 

h}dro\ide, even in dil soln , pas | oo't -4 j. ; ? j ! , , )~1 \ "j , J/ 

srv ates iron, and they observed 'I — j j — , — L , ! I — , — i [ , — 

no maximum m the curve repre ^ 00i0 — 1 - 4 j ! , t f 

sentmg the effect of varymg the g j ■■ - |- ■ ■ ■ kfr i- 

concentration of the soln The ^ 0005 1 j | j ~ A rce nt a — P ~ 

retardmg action of calcium hv- p(Jt \ | I ~f~T [’ ! 

droxide soln was discussed by uu io ' so ‘ ' ioo^~ HO atm pressure 

C Bucher, and M Groeck Fig 362 -The ESect of Pressure and the Ccmeen 
St Meunier found that m the tration of the Soda Lve on the Oxidation or Iron 
presence of calcium, barium, or 

magnesium oxide, iron forms a ferrate when heated in air with sodium hydroxide 
W Heike studied the reaction with manganese oxide Fe+MnO^FeO+Mn 
W Krrngs and H Schackmann studied the equilibrium m this system at 1550° to 
1560°, and observed that A=[Mn][FeO]/[Fe]fllnO] is 0 0032 when concentrations 
are taken in percentages 

The corrosive action of soln of manv metal salts is discussed m connection 


Jp 0005V 
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20 60 100 HO atm pressure 

Fig 362 — The Effect of Pressure and the Concen 
tration of the Soda Lve on the Oxidation or Iron 


with the corrosion of iron and steel — tide infra H Krause 18 studied the 
colouring of fused salts by iron and its alloys T Peczalsky found that iron 
increases m volume and electrical resistance if it be heated in the presence of salts, 
although no reaction occurs L Hackspill and R Grandadam observed that when 
iron and alkali fluorides are heated m vacuo to 1000°, a reaction Fe+2KF 
=FeF 2 +2K takes place The reaction with sodium fluoride was tried industrially 
for the preparation of sodium by the Societe d Electrochimie L Hackspill and 
R Grandadam found that with the alkali chlorides— potassium, rubidium, caesium, 
and sodium chlorides — the reaction is symbolized Fe + °KC1~F eCl 2 +2K — 115 9 
Cals L Hackspill did not obtam the corresponding result with lithium chloride 
M E Chevreul observed that sodium and potassium chlorides are decomposed by 
iron m a moist atmosphere A Sanfourche observed no reaction between molten 
or vaporized sodium chloride A M Portevm, and L Hackspill and E Schwarz 
studied the decarburization of iron by the alkali chlorides, whflst L Hackspill and 
R Grandadam observed that alkali bromides, and alkali iodides beha\ed like the 
corresponding chlorides towards iron F Streintz observed that iron has no 
action on potassium iodide test paper 

A E Dolbear found that potassium sulphide at a red heat is reduced by iron 
to form potassium E Heyn and 0 Bauer found that iron rusts in dil soln of 
sodium sulphide, but not when the concentration exceeds 0 lA r -Na 2 S G Lunge 
observed a black film is formed on the iron dipped in cone soln of the sulphide 
B Garre observed no reaction when iron is heated with solid sodium sulphate, but 
A Gorgeu observed a brisk evolution of sulphur dioxide when iron is added to the 
molten salt , sodium oxide and sulphite, and a double sulphide of sodium and iron 
are formed, but with a more protracted heating the sulphide and sulphite disappear 
When the product is washed with water, ferrosic oxide remains The reaction 
was studied by A d’Heureuse, and A Stromeyer According to F Projahn, iron 
in the absence of air, reacts with the heated sulphate, m accord with the probable 
equation Na 2 S04+3Fe=Na 2 0+^S+Fe203 , and L Hackspill and R Granda- 
dam represented the reaction m vacuo by the equation 2Na2S04+3Fe=Fe20g 
+2FeS+50+4Na The reaction occurs at 900°, and with potassium sulphate, at 
1000° There is an intermediate formation of ferrous sulphate, L Hackspill 
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did not observe the reaction with lithium sulphite The Societe d Electrochmm 
proposed to utilize the reaction for the piepantion of sodium 0 Pettersson and 
A Smit, and M Webshy observed that m the leaction with steel, potassium hydro- 
sulphate forms ferric sulphate, oxidizes the caibon to caibon dioxide, and leaves the 
gr yphite untouched L HacLspill and R Grandadam found -that in v icuo the 
alkali carbonates react with iron m accord with 2Na 2 C0 3 +2Fe -Fe 2 0 3 +C0> 
+CO+4Na Almost all the sodium carbonate is reduced m 2 his at 1000°" 
B Garre observed that solid sodium carbonate reacts with iron at a high temp , 
and E Deiss, that powdered iron reacts with the molten salt J E Fletcher 
studied the action of sodium carbonate on cast iron 

Accordmg to J J Berzelius, an aq soln of copper chlonde extracts all the 
iron from cast iron leaving behind the whole of the carbon mixed with copper 
R Bottger found much heat is developed when anhydrous cuprous or cupnc chlonde 
is reduced with powdered iron and wetted with water, and G Tammann observed i 
vigorous reaction when iron is added to molten cuprous chlonde , and the reaction 
was studied by C B Gates According to W Eidmann, iron reduces a soln of 
cupric chloride in acetone , and, accordmg to A Naumann, and E Alexander, a slow 
reaction occurs with a soln of cupric chloride m ethyl acetate The precipitation 
of copper fiom soln of copper salts b} iron Ins been discussed m connection with 
tojiper- -3 21, 3 Observations on the subject were made b> R M Cm, md 
G L Oldbnght and co-workers The precipitation has been used m a w et process for 
the extraction of copper J C Essner found that the structure of the iron employ ed 
exerts a marked influence on the form of the copper obtained, so that by selecting 
suitable iron it is possible to obtain the reduced copper m a fibrous or granular 
condition The formation of a mud of hydrated ferric oxide is prevented by the 
presence of a little sulphuric acid With dil soln of copper salts F Mylius and 
0 Fromm, and G Tammann observed that some hydrogen may be developed, and 
the iron is associated with the precipitated copper J B Senderens found that the 
deposition of copper from soln of cupric nitrate, by iron, is rather slow at ordinary 
temp , with soln of medium concentration the gases evolved contain 80 per cent 
of nitrogen peroxide and 20 per cent of nitrogen with some nitric oxide at the 
beginning , the precipitated copper contams some ferric hydroxide, and the soln 
contams ammonium and ferrous nitrates D Tommasi found that the precipi 
tation from soln of cupric chlorate is only partial , J B Senderens, that no copper 
is precipitated from soln of the acetate , and C B Gates, that copper is precipi 
tated by iron from soln of copper salts of many orgamc acids 

H Forestier observed that the rate of dissolution of 99 86 per cent iron im- 
mersed for 10 mins m a 2 to 12 per cent soln of cuprous chloride at 15° increases 
with the magnetic field up to 4500 to 5000 gauss, after which it remains constant 
The rate of dissolution is tripled for 2 per cent soln , but the stimulating effect of 
the magnetic field decreases with the cone of the reagent up to 8 per cent , and then 
remains approximately constant Copper sulphate soln act s imil arly but the effect 
is less marked, possibly owing to the formation of a protectmg layer of copper 
T Andrew found that magnetized iron dissolves m a soln of cupric chloride about 
3 per cent more quickly than the same iron not magnetized, and C M Kurtz 
and R J Zaumeyer studied the subject A A Blair discussed the dissolution of 
steel m a soln of copper sulphate, and E Goutal, by feebly acidified soln with 40 
per cent potassium cuprous chloride K Ulsch utilized the reduction of nitrites 
or nitrates to ammonia by in iron-copper couple for the determination of these salts 
m soln , and D Tommasi also reduced chlorates to chlorides The iron copper 
couple was obtained by the action of f&rrum hydrogenio reduetwn on a soln of 
copper sulphate The decomposition of cuprous sulphide by iron was studied by 
,, ® Garre found that cupnc sulphide is reduced at 400°, and that 

the thermal value of the reaction is 11 4 Cals F P Treadwell observed that in 
the presence of powdered iron, the sulphides, insoluble in dil acids, m a current of 
caxpom dioxide, and at a dull red-heat, form ferrous sulphide Accordmg to 
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J T Berzelius, silver chloride is reduced when in contact with cast iron under 
water acidified with hydrochloric acid , and C J B Karsten said that the iron is 
dissolved, lea\ mg a residue of silver and graphite, and iron carbides C B Gates 
studied the reaction The reduction of silver salts b} iron was discussed m con 
nection with silver — 3 22, 5 G Tammann found that iron acts slowh on molten 
silver chloride C J B Karsten, and J Percy studied the reduction of molten 
silver sulphide by iron J B Senderens observed that unworhed iron far more 
active m precipitating silver from dil soln of silver nitrate than is the case with 
worked iron The difference is attributed to a difference in the ph> sical condition of 
the different forms of iron W Heldt said that the precipitation from silver nitrate 
soln is slower the more cone the soln Steel acts more slowlv than iron The 
silver separates more slowly from ammomacal than from neutral soln and some 
ferric salt is formed J B Senderens added that iron goes into soln faster than the 
silver is precipitated, and some mtntes are formed The reaction was also dis- 
cussed by J S de Benneville, and by N Schilow F Mvlius and 0 Fro mm , and 
G Tammann found that the precipitated silver always contains some iron 
V Lenher studied the precipitation of gold from soln of gold chlonde bv iron 
F Mylius and 0 Fromm, and G Tammann found that the gold is always con- 
taminated with iron 

A M Portevm, and L Hackspill and E Schwarz discussed the decarbunzation 
of iron (q v ) by the alkaline earth chlorides C B Gates said the molten calcium 
chloride does not act on iron A d Heureuse observed that the alkaline sulphates 
at a red heat react with iron, forming ferrous sulphide, and ferrosic and feme 
oxides R Fmkener, and G Hilgenstock obtained with calcium sulphate at a 
white-heat m an evacuated tube, ferrous sulphide and lime F Martin and 
0 Fuchs observed that in a current of nitrogen, calcium sulphate reacts with iron 
at 750°, strontium sulphate at 850°, and barium sulphate at 950°, forming respec- 
tively 3CaO 2Fe 2 0 3 , 23rO FegO^ and BaO Fe 2 0 3 According to L A Bhatt and 
H E Watson, when the mixture 3CaS0 4 +8Fe is heated in a current of nitrogen 
at 950°, for 5 hrs , 46 6 per cent of the original sulphur remains as CaS0 4 
13 9 per cent forms CaS+FeS , 28 2 per cent as S0 2 , 2 5 per cent as S0 3 , and 
8 6 per cent as sulphur An excess of silv er retards the reaction F Hunde 
shagen observed the formation of magnesium ferrite when iron acts on magnesium 
chlonde melted in its water of crystallization, but B Garre observed no reaction 
with anhydrous magnesium chloride at a high temp For the action of aq soln 
of magnesium chloride on iron, vide infra S Micewicz found that the speed of 
decomposition of aq soln of sodium, potassium, calcium, and magnesium chloride 
increases m the order named T Petitjean recommended reducing magnesium 
sulphide by iron m order to prepare magnesium, but F G Reichel did not succeed 
with the process A Mourlot said that at a dark red-heat magnesium sulphide 
is not decomposed by iron B Garre studied the reaction between iron and 
magnesium sulphate at an elevated temp 

C J Reed, and W M Camp found that iron is attacked only slightly b^ a soln 
of zinc chlonde, in contrast with the attack by a soln of sodium chloride 
N N Jefremoff and J JI Jakimez found that ferrosihcons are more resistant 
G Tammann studied the action of iron on molten zme chlonde C A Graumann 
found that metallic iron in a reducing atmosphere attacks zinc sulphide, forming 
iron sulphide and zinc H Heinnchs observed that a mixture of ca dmium sulphate 
and iron m a crucible at 900° yields a mixture of cadmium and ferrous sulphides 
R Varet observed the slow reduction of soln of mercuric chlonde to mercurous 
chloride by iron , and R Bottger noted that with a bo il in g soln some mercury or 
amalgam is formed E Alexander, and A Naumann found that iron precipitates 
ferrous and mercurous chlorides from a soln of mercuric chlonde in eth^l acetate , 
W Eidmann, and A Naumann obtained a similar precipitate from a soln m 
methylal , and A Naumann, from a soln in benzomtrile , R Varet observed that 
iron produces no change m a soln of mercuric chlonde in pyridine, but if water is 
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added, and the soln warmed, mercury, mercurous chloride, and oxidized iron are 
formed W Guertler and T Liepus noted that a 1 500 soln of mercuric chloride 
is unstable m contact with iron The reaction was studied by V Majer 
G F Hildebrandt found that when iron is heated with mercuric sulphide, mercury 
and ferrous sulphide are formed 

F C Calveit and R Johnson observed that iron alummides are formed when 
aluminium chloride is passed over red-hot iron T Petit] ean recommended 
reducmg aluminium sulphide with iron in order to prepare aluminium, hut 
F G Reichel did not succeed with the process L Hackspill observed that when 
heated with iron m vacuo, alkali alumiuate furnishes the alkali metal 

The reduction of tin from soln of tin salts by the addition of iron has been 
previouslv discussed — 7 46, 5 N W Fischer found that tin is not usually pre 
cipitated fry iron from soln of stmnous chloride, and the reduction of stannic to 
stannous silts w is discussed by C Tookey, J Attfield, W L Clasen, etc , with dil 
acidic soln V Thiel and K Keller, and J Thiele found that some tin may be 
precipitated B Schultze added that tm is slowly and completely precipitated 
from neutral soln if ferrum reductum be employed as reducing agent Air should 
be excluded The subject was discussed by N Bouman, and J M Kolthoff 
According to A Thiel and K Keller, the fact that when iron is added to a soln of the 
chlorides of tm and antimony, only antimony is precipitated, is m contradistinction 
to the position of iron and tin m the electrochemical series Tm is actually preci 
pitated, but only m very minute quantity, forming a very thin protecting layer of a 
tin-iron alloy on the surface of the iron Iron dissolves much less rapidly in an 
acid if a tm salt is present If iron is introduced into a vessel conta inin g a cone 
electrolyte, and tm m the lower part, and a more dil electrolyte free from tin 
m the upper part, the iron becomes covered with crystals of tm where it dips into 
the cone electrolyte, but remains free from tin if immersed completely in either 
the cone or the dil soln G Tammann found that iron slowly acts on molten 
stannous chloride H Blitz and Y Meyer found that iron is strongly attacked by 
the vapour of stannous chloride , H E Patten found that iron is not affected when 
placed in liquid stannic chloride or m a hydrochloric acid soln of that salt The 
Chemische Fahrik Buckau reported that m the cold, the vapour of sta nni c chloride 
warms up iron, particularly if some chlorine be present , the metal becomes very 
hot if the temp at the start be 100°— -chlorine alone begins to act on iron at about 
300° The reduction of lead from soln of lead salts by iron was discussed m 
connection with lead — 7 47, 3 G L Oldbnght and co workers observed that lead 
is precipitated from a soln of lead chloride by iron, but D Tommasi, and H Schiff 
noted that lead chlorate soln are not so reduced L Tancco observed that lead 
is deposited on iron from alkaline soln of lead cyanide G Ta mmann observed 
that some lead separates when iron acts on molten lead chloride The decomposition 
of lead sulphide by iron was studied by J Fournet, J Percy, W Guertler, and H von 
Juptner B Garre said that the reaction occurs at 390°, and that the thermal value 
of the reaction is 2 2 Cals N W Fischer found that at a red-heat iron and carbon 
reduce lead sulphate to lead G Tammann and E Kordes found that solid lead 
sulphate and iron react vigorously The reaction begins at 540°, and the thermal 
value of the reaction is less than 11 Cals 

F A Abel and W A Deermg found that cone soln of chromic acid dissolve 
steel The kinetics of the dissolution of iron by chromic acid were studied by 
R G van Name and D U Hill Accordmg to W R Dunstan and co-workers, iron 
can be kept bright in a soln of chromic acid for 10 years, but W Moody found that 
there is a slow dissolution , and R G van Name and D U Hill observed that with 
chrouDuc acid m the presence of an excess of sulphuric acid, iron is rapidly corroded 
JAN Friend found that dil soln of chromic acid had no perceptible action on cast 
iron during 14 years exposure in sealed tubes U R Evans observed that with 
n m °k ^ er ^ re aci( ^ Sj average losses xn weight during 
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So that chromic acid, in virtue of its strong oxidizing and weak base dissolving 
properties, produces passivity by the formation of a protective film when present 
alone, but stimulates corrosion m the presence of sulphuric acid The subject was 
discussed by E Heyn and 0 Bauer, G W Heise and A Clemente, and P Rohland — 
vide infra E Heyn and 0 Bauer, H Endo, P Rohland, and G P Vincent studied 
the action of potassium diehromate soln on iron , and E Berl and E van Taack 
observed that under a high pressure, soln of the dichromate attack iron more 
strongly than do soln of potassium chromate Some reduction occurs, and the 
liquid becomes alkaline Vide infra , for the action of chromates and dichromates 
on the corrosion of iron H Endo observed that iron can be kept m 0 002 to 0 13/ 
boln of potassium permanganate for a >ear without being pereeptibh attacked, but 
corrosion occurs in 10 hrs m a 0 00021/ soln R Vogel and H Baur, and 
E C Krekel studied the reaction between iron and manganese sulphide and 
noted that the mixtures show an eutectic point — t ide infra , iron-manganese alloys 

According to F E Brown and J E Snyder, molten ferrous chloride attacks 
iron , and H Heinrichs studied the reaction between iron and ferrous sulphate 
C F Schonbem observed that iron precipitates an oxide from soln of ferrous chloride 
or sulphate The action of iron on soln of ferric salts was studied bv T E Thorpe, 
H Schild, and M Troilms According to J C Essner, dil soln of feme sulphate 
when treated with iron yield ferrous sulphate , and the basic ferric sulphate pre- 
cipitated by iron from soln of copper sulphate reacts with iron 3Fe 2 (OH) 4 S0 4 +Fe 
=3FeS0 4 +4Fe(OH) s O Collenberg and S Bodforss, and R G van Name and 
D U Hill studied the rate of dissolution of iron m a soln of feme alum in the 
presence of 0 01 M- to 5 0Af-H 2 SO 4 , and observations were made bv J Napier 
O P Watts and N D T ^hippie found that the presence of arsenic retarded the 
rate of attack The corrosion of iron by water containing iron salts m soln was 
studied by A E Menke, and N R Dhar W Spring found that a cone soln of 
feme chloride has little action on iron, but the metal readilv dissolv es m a dil soln 
R G van Name and D U Hill studied the rate of dissolution of iron m a soln of 
feme chloride m the presence of 0 1 M and 0 5 M HC1 , and observations were 
made by J Napier, and H F Whittaker 0 P Watts and N D "Whipple found 
that the presence of arsenic slows down the rate of attack H Paulmg obtamed a 
cell with electrodes of iron and carbon in a cone soln of ferric chloride The e m f 
is 0 9 volt , and the cell is cheap and free from smell A constant flow of feme 
chloride through the cell can be maintained so as to ensure depolarization 
F W Kuster represented the reaction 2Fe +Fe=3Fe Owing to the carbon 
impurities m the iron, local action like the mam reaction must occur The 
iron dissolves as ferrous chloride, not as ferric chloride since when the iron plate 
is i mm ersed in a soln of sodium chloride, and the carbon plate m a soln of 
feme chloride, and the current is allowed to pass for some time, the soln in the 
vicinity of the iron plate contains ferrous salt alone, without a trace of ferric salt 
B Garre observed that the reaction between iron and nickel sulphide begins at 
380°, and that the thermal value of the reaction is 5 7 Cals F Mylius and 0 Fromm 
observed that platinum precipitated from soln of platinum salts readily allots 
with the iron O. Ruff and F W Tschirch found that the vapour of osmium 
octofluonde strongly attacks iron 

Some reactions of analytical interest— The salts of bivalent and tervalent 
iron, respectively ferrous salts and feme salts, behave as if they were salts of two 
totally different elements Neither senes of salts gives any precipitate when 
treated with hydrochloric acid, nor does the acidic soln of either salt give any 
precipitation of an iron compound when treated with hydrogen sulphide If the 
soln of ferrous salt is dilute and neutral, a small amount of ferrous sulphide may be 
precipitated , and, according to J L Gay Lussac,*® C C Gnschow, R Wmderlich, 
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and H \\ F WacLenroder, soln acidified -with some of the weaker acids— carbonic 
oxalic, citric, tartaric, acetic, succinic, formic, and benzoic acids — may give an 
incomplete precipitation of ferrous sulphide In the case of acetic acid, for example, 
there are presumably balanced reactions involving the dissolution of ferrous sul 
phide, and its conversion of the sulphide into acetate FeS+2HC 2 H 3 0 2 
^Fe(C 2 H 3 0 2 ) 2 +H 2 S, and the escape of hydrogen sulphide as a gas, allows more 
ferrous sulphide to pass mto soln to preserve the balance By adding to the soln 
a considerable excess of alkali acetate, the balance is disturbed owing to the 
decreased solubility of the sulphide Feme salts are reduced to ferrous salts by 
hydrogen sulphide with the separation of sulphur 2F eCl 3 H-H 2 S =2F eCl 2 + 2HC1+ S 
The sulphur appears as a m ilk-white or bluish turbidity According to H Rose, 
a small proportion of sulphuric acid is produced m soln of the chloride, but not with 
soln of the acid acetate , and m feme salts of the weaker acids, e g the acetate, 
H W F Wackenroder observed that some hydrated feme sulphide may be preci 
pitated if the acid is not m excess , and also from soln of feme salts of one of the 
strong acids if a large excess of sodium acetate be present Iron is completely 
precipitated from soln of ferrous salts by ammonium sulphide FeCl 2 +(NH 4 ) 2 S 
-2NH 4 Cl+FeS , the precipitate is readily soluble m acids with the evolution of 
hydrogen sulphide If very dil soln are employed, green colloidal ferrous sulphide 
is formed , it coagulates to a black precipitate on long standmg, or m the presence 
of ammonium chloride According to H N Stokes, ammonium polysulphide will 
give a precipitate containing feme sulphide Ammomum sulphide with feme 
salts gives a precipitate of ferrous sulphide and sulphur 2FeCl 3 +3(NH 4 ) 2 S 
=6NH 4 Cl+2FeS+S, but with an excess of soln of yellow ammonium sulphide, 
J J Berzelius said that feme sulphide is precipitated Similar results are obtained 
with alkali sulphides on soln of ferrous and feme salts , and the precipitate is 
insoluble in an excess of the reagent, but H N Stokes added that with alkali sul 
phides the precipitate is always feme sulphide According to J Roth, an aq soln 
with one part of iron in 100,000 parts of water gives a black precipitate with am 
monium sulphide , with 1 200,000, a dark green mixture is produced , with 
1 400,000, greyish-green , and with 1 800,000, a greyish green colour m a few 
minutes F Jackson found that ammomum sulphide enables one part of ferrous 
or feme iron in 128,000 to be detected Acidic ferrous salt soln gi\ e no precipitate 
with ammomum thioacetate, but with alkaline soln , ferrous sulphide is precipitated , 
soln of ferric salts are reduced to ferrous salts by this reagent 

Ferrous salts, in neutral soln , give an incomplete precipitation of white ferrous 
hydroxide when treated with ammonia If ammonium salts be present, eg m 
chloride soln , a soluble complex salt, (NH 4 ) 2 FeCl 4 , is formed so that if sufficient 
ammonium chloride be present, ammonia gives no precipitate with soln of ferrous 
salts If the soln be exposed to air, it becomes turbid, green, and finally brown or 
black from the precipitation of brown, hydrated feme or ferrosic oxide (qv) 
Alkali hydroxides give a complete precipitation of ferrous hydroxide from ferrous 
salt soln , and the precipitation is only partially prevented by the presence of 
ammonium salts According to J Roszkowsky, non-volatile orgamc acids, sugar, 
etc , retard or inhibit the precipitation of ferrous salts by ammonia or alkali 
hydroxides F Jackson found that 1 8000 of ferrous iron could be detected by 
precipitation with ammonia, or alkali hydroxides Ammonia, or alkali hydroxide 
soln with feme salts give a precipitate of brown, gelatmous, hydrated feme oxide 
{qv) FeCl 3 +3NH 4 OH=3NH 4 Cl+Fe(OH) 3 , which is soluble m acids According 
to J Roszkowsky, non-volatile orgamc acids, sugar, etc , inhibit or hinder the 
precipitation of hydrated feme oxide by ammonia or alkali lye owing to the forma- 
tion of complex salts G C Wittstem said that hydrated feme oxide is slightly 
soluble m cone alkah-lye, but L SchafEner showed that thi s is a mistake , the feme 
oxide is only m “ a state of fine mechanical suspension ” F Jackson observed 
that the precipitation occurs with ammonia m soln with feme iron 1 16,000, and 
with sodium hydroxide 1 32 000 
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Ferrous salts gi\e a white precipitate when treated with an alkfth carbonate 
FeCl 2 +Na2C0 3 =2NaCl+FeC0 3 , the ferrous carbonate rapidly oxidises m air, 
with ferric salts, a brown, basic carbonate is precipitated, which, in a boiling soln , 
is hvdrol} zed to hydrated ferric oxide According to J N von Fuchs, F von Kobell, 
W Schopper, and H DemarQay, the alkaline earth carbonates, and manganous, 
zinc, magnesium, and cupnc oxides precipitate hydrated ferric oxide from cold 
soln of ferric salts, but not so with soln of ferrous salts unless boiling The reaction 
with zmc oxide is symbolized 2FeCl 3 +3ZnO+3H 2 0=3ZnCl 2 -r2Fe(OH) 3 , and 
similarly also with mercuric oxide According to C H Pfafi, sodium phosphate 
with ferrous salts precipitates white ferrous phosphate, and the reaction is sensitrv e 
to 1 1,000 , while with ferric salts, yellowish-white feme phosphate is precipitated 
sensitive to 1 1500 , ferrous salts with sodium arsenate give a white precipitate 
bensitive to 1 1000 , and feme salts, a white precipitate sensitrv e to 1 20,000 
According to T von Liebig, feme salts m cold, neutral soln of alkali acetates or 
formates give a brown coloration FeCl 3 +3NaC 2 H 3 0 2 =3NaCl+Fe(C 2 H 3 02)3 , 
and on boiling the soln the iron is precipitated Fe(C 2 H 3 0 2 ) 3 ^2H 2 0 = 2HC 2 H 3 0 2 
+Fe(OH) 2 (C 2 H 3 0 2 ), the precipitated*basic acetate redissolves as the soln cools, 
or when the precipitate is washed with cold water The basic acetate process 
was discussed by J W Mellor The presence of organic oxy acids — like tartaric, 
citric, and make acids — and of polyhydric alcohols — like glycerol, ervthritol, 
mannitol, and sugars — prevent these reactions because the} form complex salts 
C H Pfaff observed that alkali succinates and benzoates give light reddish brown 
precipitates with feme salts sensitive to 1 5000 provided an excess of acid is not 
present Ferrous salts give a yellow coloration with oxalic acid and acid alkali 
oxalates, and on standing a yellow precipitate is formed , with alkali oxalate the 
} ellow precipitate is formed at once , feme salts give a yellow colour with oxaln 
icid, but no precipitation Ferrous salts do not give a coloration or a precipitate 
with tincture of galls 9 but in air or in the presence of feme salts -a violet-black 
or purple colour is developed According to C H PfaS, and J Roth, the precipita- 
tion occurs with feme chloride with a concentration of the ferric salt of 1 120,000 
a bluish-black coloration is produced with a dilution of 1 200,000 , a greenish- 
blue with 1 400,000 , and a greenish-blue on standing a few minutes with a dilution 
of 1 800,000 P Hartrng said that the limit of the reaction with feme sulphate 
is 1 300,000 If one of the stronger acids is present no precipitation occurs unless 
alkali acetate is present O Lutz found that if a few drops of a soln of proto- 
catechuic acid, and then an excess of sodium carbonate be added to a soln of an 
iron salt, an intense red coloration occurs sensitive to 1 10,000,000 , the presence 
of ordinary inorganic or organic acids does not interfere with the test The reaction 
was studied by H Hlasiwetz and co-workers, and R F Wemland and K Binder 
G von Knorre, and M von Ilmsky and G von Knorre observed that mtroso-jS- 
naphthol, dissolved in 50 per cent acetic acid, gives a voluminous, green precipitate 
with dil soln of ferrous salts , and a voluminous, brownish-black precipitate 
with feme salt soln H Kofahl, I Bellucci and A Chiucmi, J Papish and 
L E Hoag, C Meineke, L L de Koninck, E A Atkinson and E F Smith, 
and F C Mathers studied the reaction K W Chantschkoff found a soln of 
naphthenic acid in light petroleum gives a reddish-brown soln with ferrous 
salts — the petroleum extracts the iron from aq soln — ferric salts must he firvfc 
reduced to ferrous salts P Slawik found that a most sensitive reaction for ferrous 
salts is to add tartaric acid to a drop of a ferrous salt soln , then 1 c c of alcoholic 
dimethylglyoxime, then an excess of ammonia, when an mtense red coloration 
is produced which disappears by atm oxidation, hut is restored by reduemg agents 
The reaction was studied by L Tschugaeeff, L TschugaeefE and B Orelkm, R Naka- 
seko, P N van Eek, M Matsui, E J Kraus, and W Vaubel A famt rose-red is 
perceptible with a dilution of 1 1,600,000 J Dubsky and M Kuras found that 1 c c 
of a 1 per cent alcoholic soln of di-iso-mtrosoacetone added to 5 c c of a ferrous 
salt soln gives an mtense blue The colour develops in 2 hrs , with 0 00001 N soln , 
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and m 3 hrs with 0 000001 Y-soln G von Knorre observed that 2, 4 dimtroso- 
resorcinol gives a green colour or a green precipitate with feme salt soln , and in 
feebly acidic or feebly alkaline soln of ferrous salts, a green colour The reaction 
was studied by M L Nichols and S R Cooper, W R Orndorff and M L Nichols, 
and M Goldstuck The ammonium salt of phenylnitrosohydroxylamme— or 
cupferron — gives a red precipitate of a complex ferric salt with acidic soln of 
ferric salts The reaction was studied by E H Archibald and R O Fulton 
O Baudisch, O Baudisch and V L King, I Bellueci and A Chiucmi, J Brown, 

H Blitz and O Hodlke,E Ferrari, R Fresemus, G E F Lundell, G E F Lundell 
and H B Knowles, H Nissenson, A Pinkus and F Martin, K Schroder, and 
H Weber P Cazeneuve found that a soln of diphenylcarbazide m benzene, when 
shaken with a soln of a feme salt, gives a peach-red coloration A W Gregory 
estimated that the violet colour, produced when an acetic acid soln of salicylic 
acid is added to feme chloride in soln with sodium acetate, is sensitive to 1 50,000 
The reaction was first reported by R Piria, and studied by A Almen, R Bottger, 

E Brucke, A Conrady, A Dollfus, M Frehse, J E Gerock, A Hantzsch and 
M Singer, M Konowaloff, O Langkopf, H Marty, P Nicolardot, S Pagliam, 

L Rosenthaler, A Sagaidatschm and M "Rawitsch, E Schaer, E F Smith, 

J Traube, A Vogel, R F Weinland and A Herz, H Weiske, and J Wolff 
H B Pulsifer utilized, for colorimetric determinations, the red colour produced 
by feme salts with acetyl acetone R Berg recommended o-oxyquinolme deriva- 
tives as a precipitant 

A soln of potassium cyanide and a ferrous salt give a reddish brown precipitate 
soluble in excess to form potassium ferrocyamde , with a ferric salt soln , potassium 
ferricyamde is formed m an analogous way Ferrous salts with potassium ferro- 
cyamde, m the complete absence of air, give a white precipitate of ferrous ferro 
cyanide or ferrous potassium ferrocyamde, in air, a pale blue colour is due to 
oxidation to feme ferrocyamde (Prussian blue) , with feme salts under similar 
conditions, an intense blue precipitate of Prussian blue is formed C H Pfaff 
said that the reaction is sensitive to 1 100,000 , P Harting, to 1 420,000 , and 
F Jackson, 1 64,000 Ferrous salts with potassium femeyamde give a dark 
blue precipitate of Turnbull’s blue , and with ferric salts, only a brown coloration 
is developed Ferrous salts give no coloration with potassium thiocyanate, 
but with feme salts a bloodied coloration is produced FeCl 8 +3KSCy ^ 
Fe(SCy) 3 +3KCl The reaction is reversible, and the feme thiocyanate can be 
extracted with ether G H Pfaff added that the coloration is sensitive to 
I 20,000 , A Wagner, 1 1,600,000 , E C Smith, 1 8,000,000 , and J Roth 
added that with 1 25,000 the colour is red, with 1 200,000, orange, with 
1 800,000, pale orange , and with 1 1,600,000, a scarcely perceptible yellow 
The coloration cannot be recognized in the presence of an excess of alkali acetate , 
organic oxy compounds — e g tartaric acid — m neutral soln , not m acid soln , 
and mercuric chloride destroys the coloration The subject was studied by 
E Kahane Feme salts give an intense blue colour with potassium molybdeno- 
cyarnde 

A Richaud and M Bidot said that a sky-blue coloration is produced with 
ferrous salts, not feme salts, when treated with a soln of sodium phosphato- 
tungstates, acidified by hydrochloric acid, and the liquid then made alkaline with 
sodium hydroxide, but A Popesco showed that other reducing agents produce the 
same coloration If a ferrous salt soln is treated with an excess of cone sulphuric 
acid, and a crystal of potassium nitrate is introduced, a brownish red rmg is produced 
which, according to L Blum, enables a ferrous salt to be detected m the presence 
of a ferric salt — vide nitric oxide According to E Lenz, with ferrous salts, 
■odium thiosulphate gives no precipitation , while ferric salts are coloured violet 
and finally reduced to ferrous salts without precipitation 

According to N W Fischer, 20 zme precipitates from neutral soln of ferrous 
chkmde or sulphate a mixture of ferrous hydroxide and metal if air be excluded , 
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otherwise, a mixture of ferric hydroxide and metil J A Poumarede obtained a 
similar result, but not E F Antiion H N Warren observed that magnesium 
precipitates iron mixed with the hydroxide from soln of the acetate, and by this 
means iron can be separated from chromium D \ it all stated that when i soln 
of a ferric salt is treated with magnesium, flecks of hv droxide are formed, uid these 
are gradually reduced to the metallic state 

The physiological action of iron salts — In the first century of our ei i some 
medicinal uses of iron were described by Pimv, m his Histona naturalis (34 44) 
In classical times there was a general belief that iron lent its strength to the body , 
and later on this belief was reinforced by the association of iron with the planet 
Mars Mars was assumed to control the blood, and accordingly 4 iron ’ was 
employed to strengthen and purify the blood In the Middle Ages sev eral writers 
— eg J L Bau&ch 23 — discussed the therapeutics of iron compounds The 
medicinal use of iron increased during the sixteenth and seventeenth centuries, 
and the therapeutic reputation of iron was supported bv its curative effect on 
chlorosis or green sickness , and by its helpful action m counteracting the effects 
of excessiv e blood letting so generally practised m that period Iron was also a 
general remedy for cachexia and ill health The popularity of iron led to an mcrease 
m the number of available preparations as a knowledge of chemistry mcreased, 
and a number of secret preparations appeared m the eighteenth century — mde 
infra, iron chlorides To day it is estimated that over 600 preparations are avail- 
able for medicmal purposes ! The physicians of the seventeenth and eighteenth 
centuries thought so highly of the curative properties of iron that H Boerhaave 
could say In f err o est ahquid divmum 

The action of iron salts on the animal organism was discussed by G C Gmelm 22 
m 1825 — vide supra, the occurrence of iron — and by A J Clark The iron salts 
have no particular action on the unbroken skin, and when applied locally to the 
abraded skm, sores, and the mucous membranes, ferric salts are powerful 
astringents because they coagulate albuminous fluids The administration of 
iron m health has very little action on the blood If iron be injected subcutaneously 
or directly m the veins, it may cause gastro intestinal irritation and paralysis 
The iron administered during haemorrhage does not influence the haemoglobin of 
the blood The ferric salts act as local haemostatics and arrest severe haemorrhage 
by coagulating the blood and plugging bleeding vessels The iron salts have a 
styptic taste, and may blacken the teeth and tongue owing to the formation of 
iron sulphide from the sulphur m the food and the 44 tartar ” of the teeth Feme 
salts are converted m the stomach into chloride — maybe also a little ferrous chloride 
is formed — by the action of the hydrochloric acid there present The iron salts 
thus have an astringent action m the stomach As the iron salts pass into the 
intestine, the consents of which are alkaline, hydrated iron oxide or carbonate is 
formed which probably remains m soln owing to the presence of organic substances 
Lower down the intestine, the sulphur compounds, nascent hydrogen, and other 
readily oxidized products of decomposition convert the iron mto ferrous sulphate 
and tannate — the tannic acid being derived from the vegetable matter of the food 
— and these ferrous compounds are e limina ted as such with the faeces which are 
thereby turned black The oxide, sulphide, and carbonate of iron are non- 
astringent If an excess of iron in the form of an astringent preparation is 
a dminis tered, the excess has a constipating effect, smee it is not acted on m the 
stomach and mtestme F Wohlwill observed that iron causes capillary hypersemia 
of the alimentary canal, and the accompanying nervous symptoms indicate a 
direct action on the central nervous system W Schurmann and T Baumgartel 
observed that feme chloride precipitates red corpuscles from the blood of noimal 
oxen or sheep L Massol and M Breton found that the injection of a milligram 
of ferrous sulphate in the brain of a guinea pig did not cause death H W Armit 
studied the toxic action of iron carbonyl 

The total iron m the adult body, amounting to about 3 grms , is derived from the 
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food , about 2 grms of this iron is combined m the haemoglobin , and more than 
half the remainder is stored as a reserve m the spleen, liver, lymphatic glands, and 
marrow The rest of the body contains about 5 mgrms of iron per kilogram' and 
this is important because the respiration of every cell m the body depends on the 
small traces of iron it contains 

C G Lehmann, and others found that men starving for long periods excreted 
8 mgrms of iron daily, and this corresponds with a wastage of body tissue G von 
Wendt, and W Lintzel agree that with diets adequate m amount, but poor in iron 
alone, the iron excretion is not more than 2 to 5 mgrms daily — mde supra , occurrence 
of iron About a milligram of iron is eliminated m the urine of man per diem and 
this remains nearly constant under all circumstances An excessive elimination 
may follow subcutaneous injection or excessive absorption from the intestine and 
some may be eliminated through the intestinal membranes 1 

The amount of iron required m the food m order to maintain a balance is com 
paratively small About 20 mgrms per diem is usually considered sufficient, 
but W Lintzel and co worker observed that a mixed daily diet only contams about 
10 to 14 mgrms of iron, and probabl} less than this is needed by an adult on a mixed 
diet Most of the iron is present m the meat, and m green vegetables The iron 
contents, in mgrm per 100 grms , of some foods rich in iron are— liver, 15 , spinach, 
5 , and meat, 2 to 5 , and m some foods poor m iron — cow’s milk , 0 2 , white flour 1 , 
1 5 , and potatoes, 1 2 — mde supra , occurrence of iron The poverty of iron in 
cow’s milk explains the nutritional amemia of bottle-fed babies M Blauberg 
observed that a breast fed human infant of 5 months retamed 10 mgrms of iron 
daily, and that this represented about 70 per cent of the total amount supplied 
with the milk r 


t< Rummants, feeding on grass, etc , growing on soils with a low proportion of 
iron,” acquire a wastmg disease, which, in New Zealand, is called bush sickness , 
i 111 ^ eil ^ aj naluruitis These diseases are characterized by arrested growth, 
and by excessive anaemia, which is ultimately fatal unless the animals are supplied 
with “ iron ” in some suitable form Accordingly, B 0 Aston called the disease 
iron starvation The subject was discussed by J B Orr W Lintzel found that a 
deficiency of iron arrested the growth of young rats , and J P McGowan and 
A Crichton, that young pigs became oedematous, and frequently died suddenly— a 
post-mortem showed fatty degeneration of the heart and liver Hence, while a 
deficiency of iron may cause anaemia, it may have serious deleterious effects on 
various tissues of the body 

According to G von Bunge, the iron reserves m the liver and spleen play an 
important part m the blood formation of infant animals, and, added A J Clark, 
in many cases new-born animals have large iron reserves m their liver, and, although 
they receive but little iron m their mother’s milk, yet by drawing 0 on these reserves, 
they can avoid anaemia W Lintzel showed that a calf, for example, starts with 
a rich iron store m its liver, and hence does not suffer from the fact that cow’s 
milk contains very little iron On the other hand, young pigs, and human infants 
have only a moderate iron store, but receive a better iron supply from their mother’s 
nmk Naturally, when a human infant is fed on cow’s milk it tends to become 
anaemic, because it has no large iron store and receives very little iron in its food 
G von Bunge doubted whether inorganic salts of iron can be absorbed directly 
° if canal He supposed that the only iron absorbed is present 

in he food as organic salts, but the presence of inorganic salts of iron in the 
a entary canal favours the absorption of the organic iron by combining with 
an precipitating any sulphur as iron sulphide, thus preventmg the sulphur from 
eromposmg the organic iron salts The hypothesis was disproved by E Abder- 
en, ana b Tartakowsky, who showed that inorganic iron hastens the formation 
ammals rendered anaemic by repeated bleeding whilst 
-i W1 u ^ e ^ cien ^ m iron G H Whipple and co-workers also showed 
ran salts administered in sufficiently large doses definitely increased the rate 
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of formation of haemoglobin E B Hart and co workers found that nutritional 
anaemia m young rats was not cured by the administration of iron alone, but was 
cured if a small amount of copper was simultaneously grven This subject was 
studied by I J Cunningham, E B Hart and co workers 

According to W H White, soln of iron salts are antiseptic The effect of iron 
on vegetation was studied by J L Lassaigne E C Cahert found that dil soln of 
ferrous sulphate do not prevent bacterial or fungoidal growths m albumin 
C Richet observed that at 16° to 20°, a soln of 0 24 grm of ferric chloride per 
litre will hinder the development of bacteria, and 0 014 grm per litre will kill 
marine fishes m 48 hrs L Nathan found that black iron is active m checking the 
fermentation of apples, and beer wort, whilst polished iron has but a slight action 
L Nathan and co-workers showed that iron is very injurious to the fermentation 
of fruit musts and beer-wort A Chassevant and C Richet observed the toxic 
action of iron salts on lactic fermentation 
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§ 24 The Corrosion of Iron and Steel 

Nature m conformity with her usual benevolence, has limited the power ot iron, by 
inflicting upon it the punishment of rust — Plenty (6 40) 

The tendency of ordinary iron to rust on exposure to air is inherent in its nature , 
and A S Cushman, 1 m discussing The Conservation of Iron , said that the rusting 
is essentially a process of slow combustion which is annually burning up an untold 
and unknown quantity of this precious metal No partnership between industry 
and Nature will ever again leclaim the iron that has fallen away to rust D M Buck 
considered that the annual charge due to the corrosion of iron and steel is between 
£17,000,000 and £23,000,000 , hut B A Hadfield estimated that the annual cost 
of Wastage due to the rusting of the world s iron and steel is probablv qII o\er 
£500,000,000 W S Johnston estimated that 2 per cent of iron and steel is lost 
per annum by corrosion The cause and prevention of rusting is therefore a subject 
of surpassing importance unless we are to be mere passiv e spectators of this enormous 
loss The subject was discussed by J T Milton, B J McKay, E H Schulz, 
W Wiederholt, E H Schulz and B Kuhnel, C H Desch, B D Siklatwalla, 
E Maass, and W H Creutzfeldt Quite a number of books lia\ e been published 
on the rusting of iron , and the Reichsaussch uss fur Metalhchutz publishes \ 
journal, Korrosion und MetaMschuiz , devoted to this subject The speci il w orhs are 

Le E Andes, Der Eisenrost seme Bildung , Gefahren, und 1 erhutung Wien 1898 
London 1918, J Newman, Metallic Structures Corrosion and Fouling and their Pretention 
London 1896 JAN Friend The Corrosion of Iron and Steel, London 1911, A S Cush 
man, The Corrosion of Iron , Washington 1907 A S Cushman and H A Gardner The 
Corrosion and Preservation of Iron and Steel New York, 1910 , A A Pollitt, The C auses 
and Prevention of Corrosion, London 1923, O F Hudson, Iron and Steel An Introductoiy 
Textbook, uith a Section on Corrosion by G D Bengough London, 1921 , U K E\ans, The 
Corrosion of Metals, London, 1926 F N Speller Corrosion ( auses and Pretention 

New York, 1926 , A Sang, Corrosion of Iron and Steel, New York^ 1910 M P "Wood, 
Rustless Coatings Corrosion and Electrolysis of Iron and Steel, New York 1904 A H Se\ 
ton The Corrosion and Protection of Metals uith special reference to the Pi est nation of 
Engineer mg Structures, Manchester 1906 , Engg , 82 467, 1906 , G de Lattie Protection 
des metaux contre la corrosion Pans, 1927 , C Fremont, Essars dc corrosion des fers it ais 
aciers. Pans 1927 , Essais des fers et des acters par corrosion , Paris, 1910 L C Wilson, 
Corrosion of Iron — A Summary of Causes and Preventatize Measures New Aork City 
1915 W H Creutzfeldt, Korrosion forschunq vom Standpunlte der Metallkunde Braun 
schweig, 1924 , Stahl Ei sen, 48 228 1928 W S Calcott,J C WlietzelandH P Whittaker 
Corrosion Tests and Materials of Construction for Chemical Apparatus, New A oik 19-> 
M L Ham! m and F M Turner, The Chemical Resistance of Engineering Materials New 
York, 1923, M Bagg, Vom Rost und a om Eisenschutz, Beilin 1928 W Palmaer The 
Corrosion of Metals, Stockholm, 1929 , J H Gibboney, Proc Artier Soc Testing Materials 
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29 13,1930, £ Maass Host und Rostxchutz, Berlin, 1925 , N van Patten, Bibliography of 
Common o/lletah and its Pievention, Kingston, 1924 , W H J Vernon, A Bibliography 
of Metal Con osion London 1928 L Liebreich, Rost und Rostschutz, Braunschweig 1914 
H G Haane Same und allahfestes Ousseuen, Dusseldorf, 1927 , B Schafer, Rostfeie 
Stable Beilni 1928 J 0 H Monypenny, Stainless Iron and Steel , London, 1926 
O Krohnke E Maass and W Beck, Die Korrosion unter BerucksicTvtigung des allgemeinen 
Mater lalsckutzes, Leipzig 1929 P Kotzschke, Ueber die Korrosion und des Rosten von 
unlegieitem und legiertem Qusseisen , Dusseldorf, 1928, H Suida and H Salvaterra, 
Rostschutz und Rostschutzanstnch , Wien, 1931 

There have been numerous discussions on the corrosion of iron and steel— e g 
W van W Scholten, 2 A Matagnn, Gr Masrng, V Sallard, C 0 Bannister, 
A M Portevm, etc Methods for measuring the corrosion of metals were described 
by G D Bengough 3 and co-workers, W H J Vernon, E K 0 Schmidt, etc , 
and microscopic tests, by C H Descli 4 and co workers 

According to U B Evans and Gr D Bengough, 5 the term ahasion denotes friction 
between one solid body and another resulting in change of shape or removal of material 
from one or both sides corrosion means the chemical or electrochemical action of a liquid 
or gas on the surface of a metal resulting m a passage from the elementary to the com 
bined state and erosion denotes the removal of material from some part of a surface by 
means of abrasion, by capillary action, or otherwise, without a change of composition at 
the moment of removal although changes may occur afterwards Both abrasion and erosion 
may operate on either metal or scale JAN Friend used the term erosion to designate 
corrosion such as that induced by acids when a more or less soluble product is formed which 
exposes the underlying metal to attack and mrrosion for that type of corrosion which 
results m the production of insoluble oxide or rust which clings to the unattacked metal , 
and W H J Vernon used the term surrosion for cases where the total action is quantita 
tively represented by the increase m weight of the specimen 

The action of water on iron — Some observations on this subject have been 
discussed m connection with the chemical properties of iron B D Saklatwalla « 
noted that the condensation of gases on the surface of metals would tend to impart 
surface activities that would depend on the degree of adsorption When iron is 
covered by a thin layer of water, and exposed to air, hydrated ferric oxide is formed, 
hut with a thicker la} er of water, F Wohler found that hydrated ferrosic oxide is 
produced The water carries oxygen from the air to the iron M M Hall, and 
N J B (I Guibourt found that iron powder, out of contact with air, does not 
decompose thoroughly boiled water, though a feeble evolution of hydrogen may 
occur at 50° to 60°, and ferrosic oxide be formed J A WanHyn and L Canus found 
that iron reduced by hydrogen gives no hydrogen when heated with purified water 
at 50° to 60° , and B Lenz said that electrodeposited iron, re-heated to redness in 
vacuo, rapidly oxidizes m contact with boiling water, the water is decomposed and 
the hydrogen which is formed is absorbed by the iron E Bamann also said that 
finely-divided iron slowly decomposes boiling water , thus, 12 c c of hydrogen were 
obtained by boiling 10 grms of iron — reduced in hydrogen — in water for an hour , 
he also noticed that the glass containing vessel was corroded when the boiling was 
continued for several days JAN Friend also observed that the reaction between 
iron and boiling water occurs about one-fourth as quickly in a copper vessel as it 
does in a glass vessel M M Hall, and N J B G Guibourt said that if the iron 
be in contact with electronegative substances like ferric oxide, or mercury, it can 
decompose water under conditions where it otherwise would not do so The case 
is as different with iron en masse, as it is with, say, pyrophoric iron and ordinary 
iron in air 

The action of water on iron was discussed early last century by J Keir, C Becker, 
C Girtanner, J B Trommsdorfi, N J B G Guibourt, M Meyer, B Adie, J Spennrath, 
M Traube, and M M Hall and later by E A and L T Bichardson, J Both© and 
F W Hmnchsen, A Bobierre, K Hasegawa and S Hon, W B Dunstan and co workers, 
W H Walker and co workers, A S Cushman, V Andstrom, E Heyn and O Bauer, 
W F&kaaer W B Whitney, A Wagner, W P Mason, W van Bijn, H W Clark and 
S D Gage, B S Weston, M Kembaum, V M Isnardi, W P Jonssen, A W Stuart, 
J W Cobb and G DougiU, O Bauer and E Wetzel, G D Bengough and co workers 
W A Bradley, A B Bradley, D Geoghegan, P J Thibault, J W Shipley and co workers, 
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J Tillmanns and co workers, R E Wilson, J R Basils, F N Speller and C R Texter 
G M Enos,H Klut, M Heegewaldt, T Steel, A 1 Stuart, G T Burrows and C E Fawutt, 
W R Fleming, C i Hickethier, and K Inamura 

There is the electrolytic theory of corrosion which is independent of the ionic 
hypothesis and all that is implied by the term “ ions ” The ionic theorv is the 
electrolytic theory with the theory of ions as a subsidiary hypothesis The theory 
of ions is another story Here, it is convenient to regard the two theories of corrosion 
as the same, but expressed in different ways According to the ionic hypothesis 
advocated by W E Whitney, 7 F N Speller, F W Hmrichsen, H Kudo and 
S Kanazawa H Friedmann, E K Rideal, W J Sweene\,G Bresch, T W Shiple\ 
and I R McHaffie, W Palmaer, W T Hall, W U Whitman, T Fujihari, 
0 F Burgess, W H Walker and co workers, and A S Cushman and co-workers, 
it is assumed that water and air are sufficient to cause rusting The action of an 
acid on iron is represented as an exchange of electric charges between the H -ions 
of the acid, and the neutral atoms of the metal which then pass mto soln as metal 
ions Water is supposed to be slightly ionized H 2 O^H +OH', and when a 
metal is immersed in this liquid, it is assumed that the electric charges are trans- 
ferred from the H -ions to the iron atoms so that the water in the vicinity of the 
metal has Fe -dons, and OH'-ions corresponding with a dil soln of ferrous 
hydroxide If oxygen has access to the latter, the ferrous hydroxide is oxidized 
to hydrated feme oxide, and deposited as rust The de-electnfied H -ions form 
molecular hydrogen In order to establish this hypothesis it was necessary to 
demonstrate that iron passes mto soln under these conditions, and, as indicated 
elsewhere, this has not been satisfactorily done The tendency of iron to pass mto 
soln m water depends on (l) the so-called solution pressure, and (n) on the solubility 
product [Fe ][OH'] 2 The reaction Fe+2H =Fe +H 2 is in equilibrium when 
jfc 1= =[Fe ][H] 2 =67xlO” 14 , or smee for water at 18°, [H jrOH'J— 0 56 X 10~ 14 A 2 , 
[Fe ][OH / ] 2 =2 1 X 10~ 14 This assumes that the ferrous hydroxide is completely 
ionized m soln As indicated later, the value for the solubility product of ferrous 
hydroxide is not accurately known If the solubility product [Fe ][OH'] 2 be less 
than A x , some hydroxide will be precipitated before equilibrium is attained One 
of the \alues for the solubility product, 1 9xl0“ 14 , is very near the "value of 
W J Sweeney found that the solubility product is 10~ 18 8 A L McAulav and 
G L White studied the effect of the H -ion concentration on the potential of the 
iron — vide supra — and H 0 Halvorson and R L Starkey calculated that the 
relations between the H -ion cone and the ferrous or feme ions held m soln — 
parts per million — are 
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The driving force of the reaction 2Fe-f-0 2 -f-2H 2 0=2Fe(0H)2 is equal 
to the difference of the potentials e'—\RT log {[OJ/fOH]} 4 and e f/ =\RT 
log {[Fe ]/[Fe]}, so that if [Fe ][0H] 2 =i, and [Fe] is constant, e e'—\RT 
1°§{[0 2 ]A 2 } M Randall and M Frandsen calculated the free energy to be 
-2 28 Cals , indicating that the reaction, Fe+2H 2 0=Fe(0H) 2 +H 2 , can progress 
at 25° 

According to M Mugdan, the potential of iron immersed in \anous salt soln 
vanes considerably with the nature of the dissolved salt Smce the dissolved salts 
cannot be supposed to take part m the reaction, this should not be the case The 
phenomena can be regarded only as further instances of a metal assuming a more 
or less passive condition Thus, iron can dissolve with the elimination of hydrogen 
in soln of chlorides, bromides, iodides, fluondes, sulphates, perchlorates, and 
nitrates, whilst in soln of the salts of weak anions (chlorate, acetate, hydroxide, 
cyanide, chromate, and permanganate), the reverse occurs The different 
potentials show that the rusting in one case and not in the other is due to some 
modification of the iron impressed on it by contact with the soln The fact that 
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many of the salts, in soln , which do not attach the iron are reducing agents 
speaks against the passivity being due to a layer of oxide W J Sweeney showed 
that a small decrease of free energy occurs when iron is attacked by water to form 
ferrous hydroxide m the absence of oxygen , and K Murata studied the 
dynamics of the phenomena W D Bancroft gave a bibliography of the ionic 
theory of corrosion and discussed the availab’e data 

As the ions pass from the metal into soln , an eq number of hydrogen ions are 
discharged on the electrode so as to form a hydrogen electrode As the eonc of the 
metal ions in the soln increases, the potential of the combination Metal Metal 
ions, becomes nobler , and conversely, as the H ion cone of the soln her omes less 
the potential of the hydrogen electrode becomes more basic The solubility product 
of the metal hydroxide is limited by a change in the cone of the metal ions, and the 
H ion cone , and this limits the value of the potential With base metals like 
zinc, the limiting value of the potential of the metal electrode and the hydrogen 
electrode cannot be attained at atm press , and, in consequence, the action of water 
on these metals does not come to a standstill , but with iron, when air is excluded 
no reaction occurs The hydrogen potential with a decreased press becomes 
nobler, and there must be a press less than the atmospheric, at which the limit 
mg potential is attained, and the reaction between iron and water can come to 
a standstill Since the potential of iron against a sat soln of ferrous hydroxide 
was given by F Forster as -0 54 volt— W Palmaergave -0 57 volt— the potential 
of the hydrogen electrode is E=— 0 29 log {p/[H] 2 }, where the gas press of the 
hydrogen is p, and the H -ion cone is [H ], or, according to W G Whitman and 
co workers, [H ]— 2 5 X 10 -10 Then by substitution and simplification, p=0 25 
atm , or 190 mm Hg (approximately) 

G Schikorr found that the press generated by the hydrogen in the action of 
water on iron (with 0 18 per cent of carbon, and notable amounts of other impurities) 
is verj much greater than this For instance, at about 20° 
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This is taken to mean that other factors are concerned m the reaction Ferrous 
rgoiroxide can act on water at 200° producing hydrogen and ferrosic oxide , and 
W Traube and W Lange found that when a gel of ferrous hydroxide is heated with 
spongy palladium, hydrogen is developed, and ferrosic oxide is formed Agam, 
J Breuss observed that powdered iron boiled m water with hydrated ferric oxide 
produces a black powder, and hydrogen is evolved , and F Wohler showed that 

I? i ota /vrtT^ er 18 ^ erroslc o:xi de, and that the reaction can be symbolized 
t e+2FeO(OH)=Fe30 4 -f-H 2 R Stumper also showed that hydrogen is developed 
in the reaction between rust and iron G Schikorr showed that the hydrated feme 
oxide does not attack the iron directly, rather is it reduced to hydrated ferrosie 
oxide, and some ferrous hydroxide passes into soln The dissolved ferrous hydroxide 
attacks the iron The rate of formation of hydrogen m this reaction is proportional 
to the cube root of the press Raising the temp from 25° to 35° doubles the rate 
slow rrtta ^ 1011 attack on dense, compact iron is comparatively 

t ■l >U S? ed water feee from au: w&a reported by M M Hall,8 0 J B Earsten, 
J F Westrumo, J Persoz, and R Mallet to have no action on iron at a temp 
e ow * the bp of water , and R Adie reported that he kept iron m water, entirely 
ee from dissolvea air, for sit months without its showing any sign of attack 
Lambert and JO Thomson showed that commercial iron will dissolve under these 
conditions W R Whitney found that purified water and purified iron sealed up 
? . 9 , e contents were free from oxygen and carbon dioxide, could be 

ep an indefinitely long time without the iron undergoing any perceptible change , 
but when air was admitted, the water rapidly became cloudy owing to the formation 
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of metal oxide It was therefore inferred that a portion of iron must previously 
have passed mto soln J A Collms, J J 6 Hicks, A S Cushman, II Traube- 
Mengarmi and A Scala, and W H Walker and co-workers described modified 
experiments m agreement with the assumption that purified water can dissol\e 
purified iron A S Cushman estimated that the solubility of iron m purified air- 
free water is 0 0006 to 0 00117 grni per litre W R Fleming, and W R Dunstan 
and co workers were unable to confirm W R "ty hitne^ & conclusion and 
H Nordensen, and JAN Friend raised the objection that it is quite probable that 
the precautions taken by W R Whitney, and the others were not sufficient to 
remove all the residual gas— caibon dioxide ind oxygen- from the water, and from 
the walls of the containing vessels, so that a trace of iron ma) ha\e passed into soln 
as carbonate This is supported bv W Scoresb) s observation tint air cannot be 
removed from water by merely boiling, since water which has been thorough^ 
boiled furnishes bubbles of gas on freezing , and A Leduc s calculation that at least 
1 c c of gas remains in a litre of water which has been thoroughly boiled A large 
portion of this gas is probably carbon dioxide The fair inference from the observ a- 
tions is that iron is very slightly soluble m ordinary water, or well boiled water when 
air or free oxygen is excluded , but it cannot seriously be claimed that the solubility 
of iron in water, quite free from dissolved gases, has been adequately demonstrated 

The action of damp air on iron.— J P Barruel 9 said that he kept electro- 
deposited iron for many }ears m a cupboard m which acid vapours were con- 
tinually present, and yet it presented not the faintest trace of rust , but there is 
some mistake, for J Percy said that such iron rapidl} rusts when exposed to the 
joint action of air and moisture In 1782, S Rmman observed that drv air does not 
corrode iron, but moist air does Hence, he inferred that “ rust must be formed b) 
some kind of acid, which, m the presence of moisture, will exert a dissolving, 
attackmg, or corroding influence Other less noble metals seem likewise to be 
partially corroded by moist air 55 J Spenrath, and others also noted that iron does 
not rust in dry air S Rmman also added that m accord with C W Scheele s 
theory of the nature of air, in a confined space, the good air (oxygen) is absorbed by 
the rusting drillings of pig-iron P A von BonsdorS also observed that iron remains 
unaltered in damp air provided no liquid water is deposited on the metal , similar 
results were obtained m damp air containing ammonia and carbon dioxide These 
observations were confirmed by W R Dunstan and co workers , they enclosed 
pieces of 99 94 per cent iron, free from occluded gases, m tubes contammg dr) and 
moist oxygen, dry and moist carbon dioxide, and a mixture of moist carbon dioxide 
and oxygen No visible action occurred m a set of tubes maintained at a constant 
temp , while in a similar set kept at ordinary temp , no visible action occurred in 
the tubes containing dry oxygen, and dry and moist carbon dioxide , but copious 
rusting occurred m the tubes contammg mor*t oxygen, and a mixture of moist 
oxygen and carbon dioxide In the tube& kept at ordinary temp , there are fluctua- 
tions in which the conditions favour the deposition of moisture Consequent!), 
it is not the water vapour m the atmosphere which evokes the rusting of iron , for if 
the temp be above the dew point, iron initially free from rust does not corrode 
A C Hanson, W S Patteison, and J C Hudson observed the rate of corrosion is 
fastest in the presence of water, and this is attributed to the greater condensation of 
moisture 

F C Calvert observed that in some cases no oxidation occurred on exposing 
iron to moist oxygen, that in the light of W R Duns tan 5 s results, it is probable that 
no corrosion took place when no moisture condensed on the metal M Meyer, 
P A von Bonsdorff, F von Hutten, and J Spenrath previously observed that 
iron does not change in moist air provided no liquid condenses on the surface of the 
metal W M Thornton and J A Harle regarded the attack by the deposited 
moisture as a kind of electrolysis J C Hudson measured the \ap press of the 
moisture in air required for the deposition of films of moisture, and found, with iron, 
this critical press is near the saturation point The rusting of iron in an apparently 
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dry atmosphere, the so called dry corrosion , was discussed b\ W H J Vernon, 
U R Evans, and G D BengoughandJ M Stuart — vide supra, the action of oxj geii 
on iron— cf Fig 330 E A and L T Richardson, W G Whitman and E L Chap 
pell, W F Robertson, J Aston and 0 F Burgess, V V Kendall and E S Tayler 
son, E I Duirmont, and C E Remhard, discussed the rate of the atmospheric 
corrosion of iron Experiments on the action of superheated steam at 186° were 
made by F Hanaman, and the subject merges into the equilibrium relations 
between iron, the iron oxides, and steam discussed below 

The corrosion of iron exposed to the atmosphere is affected by climatic conditions— 
large diurnal variations of temp , etc , discussed by 0 Hahnel and IX B E\ ans , bj the 
presence of foreign gases — e g sulphurous gases discussed by J F Barkley U B Evans 
J Bothe and F W Hmdnehsen, P Siedler, and W Wislicenus — vide sup? a , hydrogen 
chloride, by U B Evans — vide mpia gases from manure heaps, etc , by M Meyer and 
P A von Bonsdorff , by the presence of dust — e g soot — by W H J Vernon and by the 
elements associated with the iron, by K Arndt, J A Aupperle, O Bauer, H Bonnger, 
J Aston and C F Burgess, A S Cushman, G M Enos, U B Evans H Fischer 
JAN Fnend, L E Gruner, B A Hadfield, E A and L T Bichardson, W Bosenham, 
F N Speller, G Tammann, and B[ Wolbhng 

T Bergman, 10 in 1773, observed that water saturated with aerial acid corrodes 
and dissolves metallic iron In F C Calvert’s experiments, dry oxygen, dry carbon 
dioxide, a dry mixture of carbon dioxide and oxygen, and a dry mixture of oxygen 
and ammonia did not corrode iron, in three experiments with moist oxygen, 
corrosion occurred in only one case , with the mixture of moist oxygen and ammonia, 
no oxidation occurred , and m all cases where moist carbon dioxide was present, 
the corrosion was very marked G Wetzlar, and A Payen found that iron does not 
rust m water containing alkakne substances — e g in aq soln of potassium hydroxide 
of sodium carbonate, or of ammonia, even though the soln be dilute M M Hall 
also observed that iron does not rust in water containing magnesia or lime, and he 
discussed what he called the concealed agency of carbonic acid m determining the 
oxidation of iron by water A Payen inferred that the preservative effect of the 
alkaline soln does not, m all probability, arise from their power of withdrawing 
carbon dioxide from the water, because iron is corroded even under thoroughly 
boiled water m contact with air free from carbon dioxide In view of these results, 
and of F C Calvert’s observation, no carbomc acid, no corrosion, F C Calvert and 
A C Brown developed the acid theory of corrosion in which it was assumed that the 
action is primarily the result of an attack by an acid, usually carbonic acid It was 
supposed that the carbomc acid reacts with the iron to form ferrous carbonate, 
FeC0 3 , or possibly ferrous hydrocarbonate, Fe(HC0 3 ) 2 , and the liberated hydrogen 
unites with the dissolved oxygen to form water The ferrous carbonate is then 
oxidized by dissolved oxygen to form hydrated ferric oxide, or rust The liberated 
carbon dioxide then attacks a fresh portion of iron, and the cycle begins anew, so 
that a small amount of carbon dioxide m the presence of water and oxygen can 
convert, catalytically, an indefinitely large amount of iron into rust The inhibition 
of rusting by alkaline soln was attributed to their power of neutralizing traces of 
free acid 

The acid hypothesis has assumed several forms T Fujihara said that water 
and air free from carbon dioxide form a protective film on iron electrolytically, and 
once this film is formed, carbon dioxide is necessary to produce rustmg The 
removal of the protective film by the carbon dioxide exposes a fresh surface to 
attack N St Ganloff and co-workers interpreted the effect of carbon dioxide on 
iron as follows 

The iron in contact with air and water acquires a film of ferrous oxide this is oxidized 
t° ferric oxide, which is gradually reduced by the iron and the metal below is simultaneously 
oxidized In contact with water containing carbomc acid the superficial film of ferrous 
omde dissolves and ferrous hydrocarbonafce is oxidized to hydrated feme oxide After a 
long period under a soln of ferrous hydrocarbonate m the presence of carbon dioxide the 
iron, is almost passive, but the activity is regained by shaking the iron so as to detach the 
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piotectiv© film of hydrated feme oxide Corrosion is specially favoured at a low temp » 
m an atm with, not more than 5 per cent of oxygen and not less than 14 to 13 per cent of 
carbon dioxide 

J H Paul assumed, without proof, that the carbomc acid reacts 
Fe+C02+H 2 0=FeC03+2H , and on hydrol}sis of the ferrous carbonate, feme 
oxide, carbomc and formic acids are formed 2FeC0 3 +2H 2 0=Fe 2 03+H COOH 
+H2CO3, and the carbomc acid is free to attack more iron, while the formic acid 
attacks the metal Fe-f-2H C00H=Fe(H C00) 2 +2H, and some formate is reduced 
to formaldehyde b} the nascent hydrogen 2Fe(H C00)o-t-4H=Fe 2 0 3 -f-3H COH 
+H COOH The formaldehyde escapes from the s\ stem while the formic acid 
reacts with more iron H E Armstrong s modification is indicated below The 
acid hypothesis was fashionable for a good many years , but investigators began to 
inquire Is the presence of an acid necessary for the corrosion of iron 2 

Observations on the action of carbonic acid on iron and its allots were made by 
V Andstrom E E Baseh, G Bresch, G Bruhns, C Chorower, T Clous \ S Cushman, 
E Donath and A Indra, W B Dunstan and co workers F Ensslm and F Buschendorf, 
T Fujihara J* A N Friend R Girard O Haehnel A C H ans on C von Hauer, E Hej n 
and 0 Bauer 3 F G Hicks, K Inamura, B KJarmann H Kbit J M Kolthoff 
O Krohnke W Leybold, H Luting B G McLellan, A A Markson and P Fntz, 
G T Moody J E Orloff, JT D Pennock and D A Morton, P Petit J Rothe and 
F W Hmnchsen E Sauer, J T Saunders, K Schennga J W Shipley and I R McHaffie, 
H J Smith, J Spennrath, W A Tilden J Tillmans and co workers J B Trommsdorff, 
J Ville W H Walker, G W Whitman and co workers, W R Whitnej, R E Wilson 
and B G Worth — vide H ion concentration of natural waters, and also the action of coal 
gas on iron 

The work of W E Dunstan and co workers, W A Tilden, and J F G Hicks 
shows that the presence of carbon dioxide, or other acidic substances, is not necessary 
for the corrosion of iron, nor did J F G Hacks find that moist oxygen rusts iron 
more quickly if carbon dioxide be present V Andstrom showed that the quantity 
of iron removed by corrosion in water is independent of the proportion of dissoh ed 
carbon dioxide , and is proportional to the amount of dissolved ox} gen The ratio 
of iron to oxygen corresponds with FesC^ , and the dissolved iron is present as 
Fe(HC0 3 )2 When very little oxygen is present, and the soln contains a large 
proportion of carbon dioxide, corrosion proceeds very slowlv Hence, it is inferred 
that rusting principally is due to the action of oxygen, probably with the inter- 
mediate formation of hydrogen dioxide The subject was discussed by T Fujihara 
The deleterious effects produced by the products of combustion of coal, formerly 
attributed to carbon dioxide, are now considered to be produced by the oxides of 
sulphur U E Evans said 

The corrosive qualities of carbon dioxide have been exaggerated m the past, and 
probably the damage attributed to carbon dioxide has really been due to sulphur dioxide 
or hydrogen chloride If water is allowed to condense in droplets on iron some of them 
develop rust, whilst others (which do not happen to rest on a weak pomt) remain clear 
this is true whether carbon dioxide is present or absent, and the clear drops may be dried 
up m a current of carbon dioxide without developing rust, hjdrogen chloride vapours 
quickly produce rusting A soln of carbomc acid causes at first slight corrosion of the 
hydrogen evolution type but the p K rapidly nses and the formation of hydrogen ceases 
the ferrous bicarbonate produced yields ferric hydrefcode at the water line, and this 
obstructs diffusion of oxygen and prevents attack of the oxygen absorption type In 
effect therefore a soln of carbomc acid is not dangerously corrosive , but it must be 
remembered that the presence of excessive free carbomc acid in a hard natural water may 
prevent the deposition of calcium compounds which would otherwise bring the action to a 
standstill 

The action of aerated water on iron — W E Dunstan and co-workers found that 
provided liquid water, oxygen, and iron are brought into contact, rusting will occur 
even m the absence of carbonic or any other acid K Inamura obtained similar 
results W A Tilden also said that commercial iron, liquid water, and ox} gen are 
alone sufficient for the production of rust , carbonic acid is not necessary, but when 
present it hastens the reaction E Heyn and 0 Bauer, and A S Cushman came 
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to the same conclusion B Lambert and J C Thomson prepared iron of high 
degree of punt) If platinum vessels were used m place of iridium as a container 
for the ferric oxide during it** reduction to iron, the product always corroded at the 
places where it had been in contact with the platinum T W Richards and 
G P Baxter had previously observed that iron always contamed some platinum 
when prepared under these conditions B Lambert and J C Thomson inferred 
that thoroughly purified iron does not undergo visible oxidation m contact with 
purified water and purified ox>gen, but that a small trace of impurity m the iron is 
sufficient to cause oxidation under exactly the same conditions even if the impurit) 
be not of an icidic nature or likely to produce an acid during the reaction Tilt 
conclusion? were discussed by J AN Friend, T M Lowry, H Richardson, 
J Meehan, W R Dunstan, V E Stromeyer, W 4 D ivis, H E Armstrong, 
W D Bancroft, and G T Moody There is the difficulty m removing air and carbon 
dioxide from the liquids, and from the inside surfaces of the glass containing vessels , 
and the fact that commercial iron and steel invariably contain foreign substances 
like sulphur, phosphorus, etc , which, on exposure to air, readily oxidize to produce 
acids where their presence ma) not have been suspected The contention that the 
conclusion is invalid because the carbon dioxide clings to glass vessels and other 
substances so tenaciously that it cannot be effectively removed except by washing 
with alkali l\e or some other drastic treatment, has perhaps led some excolare 
cuhcem, camelum autem glutire U R Evans said 

It ib not clear howev tr why , if the residual carbon dioxide is supposed to have remained 
clinging tenauoudy to the glass m these very careful experiments, it should have been 
considered capable ot pro mot mg the rusting of iron In some of J A N Friends iron 
experiments not only the gla^b, but also the metal was washed with caustic alkali, a sub 
stance which is distinctly tenacious m clinging to metalhc substances, and which is notably 
prejudicial to corrosion J i N Friend found no rusting when normal sodium hydroxide 
has been used to w ash the iron, but he found that iron rusted after treatment with -\N 
sodium hydroxide (followed by washing with water) — a fact which he attributed at the 
time to the small quantity of carbon dioxide which is capable of existing in equilibrium 
with alkali of that concentration ’ 


J Tillmans and B KJarinaim said that the carbonic acid dissolves the iron in 
accord with the equation Fe+2C0 2 +2H 2 0^Fe(HC0 3 ) 2 +H 2 , and H J Smith 
observ ed that a definite concentration of carbon dioxide in the soln is necessary 
to keep the hydrocarbonate m soln , and he found that this concentration, the cube 
root of the carbon dioxide in soln , is proportional to the concentration of the dis 
solved iron, or [Fe ]=Z(C0 2( iisso]ve<i) i With natural calcareous waters, part of 
the dissolved carbon dioxide is free carbonic acid, and part is present as calcium 
hydrocarbonate, Ca(HCOs) 2 J Tillmans and co-workers designate the carbon 
dioxide so fixed as zugehongen or attached carbonic acid, and the unattached carbon 
dioxide in soln as aggressive carbonic acid E Muller and H Henecka studied the 
t hmi P reSbllre found that the action of the soln on iron is thereby augmented 
J Tinmans observ ed that if a natural water has a H ion concentration between 
0 2 x 1^~" and 0 4 X 10~~ 7 it does not have a deleterious effect on iron 

According to W H Johnson, iron which has been dipped in acid for the removal 
of scale after heatmg becomes "brittle, and the brittleness is lost if the metal be 
suDbequentlv stored for any length of time A Ledebur made similar observations 
au tending to show that adsorbed hvdrogen was the source of the brittleness 
oimiianv, J 11 Andrew observed that when iron is immersed for some time in a 
sa so n of sodium hv droxide at 100°, wrought iron becomes brittle owmg to the 
absorption of ny drogen, but if the immersion is continued a longer time, the metal 
b«5omes tough again The initial brittleness is attributed to the more rapid 
i b y ** amorphous, mtercrystallme layer than by the crystals 

***** *h® resulting expansion forcing the crystals apart, and weakening 
I f k 81011 + ^ hydrogen has had time to diffuse into the crystals them- 

* e mtercrjstallme strains are relieved, and the brittleness disappears 
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Again, according to J A N Friend, when electrolytic iron foil is immersed m cone 
soln of potassium or sodium h) droxide for several weeks, and, after a thorough 
washing, allowed to corrode m water, the water becomes contaminated with 
potassium or sodium salts , and W H Perkins obtamed similar results with soln 
of ammomum, lithium, and barium hydroxides Here, agam, it is supposed that 
minute quantities of the alkali penetrate the metal between the crystals of femte, 
ua the pores m the mterciy stallme cement The subject was also discussed by 
V A Edwards, R S ‘Williams and V 0 Homerberg, H \ an de Loo and co workers, 
F Hundeskagen, P W Evans, H Kriegsheim, S E Langdon and M A Grossman, 
A Ledebur, E Licbreich, H L Hess, L H Marshall, V H Hillman, V J Morrison, 
H Sutton, P Longmuir, P D Menca, S W Parr and co workers, H F Reck, 
F G Straub, A Pomp and P Bardenhauer, B Neumann, D Splittgerber, 
H E WalLom, M Werner, R S Williams and V 0 Homerberg — vide supra , 
the action of alkali-]} e on iron F C Lea, F G Straub, M Majmia, and 
M Okochi studied the embnttbng action of hy drogen m electrodeposited iron 
This is not the same as the embrittling of metals by contact with chemical agents 
discussed by 0 H Desch, and J A Jones 

G T Moody found that pieces of iron can be exposed to the combined action 
of purified air and water without forming rust , and where the metal rested m 
contact with the glass, a slight corrosion occurred m the course of a few days, pre 
sumably due to a reaction between the metal and the glass — silicic acid No 
corrosion occurred when the ends of the pieces of metal which came m contact with 
the glass were protected by acid-free paraffin wax The metal in some cases was 
washed with chromic acid to remove from the surface of the iron only those con 
stituents which would otherwise yield acids on exposure to water and oxvgen 
G T Moody found that when carbonic acid is entirely excluded, no interaction 
tikes place between oxygen and iron in the presence of water Under such con- 
ditions, oxygen alone is unable to endure oxidation of the metal, but as soon as air 
containing its normal quantity of carbon dioxide is admitted, vigorous rusting 
occurred W H Walker and co workers confirmed the results of G T Moody s 
experiments made without the use of chromic acid , but W R Dunstan could not 
do so, and he assumed that the alkali dissolved from the glass inhibited the corrosion 
of the metal m G T Moody’s experiment W H Walker and co-workers, 
W A Tilden, and JAN Friend said that the chromic acid employed by 
G T Moody may have rendered the metal passive , H B Baker was unable to 
make iron indifferent towards ordinar) water by treatment with dll soln of chromic 
acid , and G T Moody observed that (i) the iron was not passive when and where 
it came m contact with the containing glass tube, and (n) that rusting began when 
ordinary air was allowed to enter the tubes This would not have occurred had the 
metal been passivated JAN Friend concluded that his modifications of the 
experiments demonstrated “ m a remarkably clear and decided manner that pure 
water and air combined are without visible action on pure iron ” The demonstration 
is by no means complete In order to adapt a colloidal theory of corrosion of rusting, 

JAN Friend said that iron dissolves m water as ferrous ions, and that these are 
rapidly converted into a hydrosol of ferrous hydroxide He also said that the fact 
that weakly alkaline soln of many salts readily induce corrosion, disposes of the 
idea that an acid must necessarily be present in the free state The evidence is a 
remarkable testimony to the influence of predisposing opinions on judgment 
The lomc theory of corrosion enables its disciples to show experimentally that purified 
iron will corrode in contact with a soln of oxygen in purified water because the 
water is slightly ionized, and the metal can pass into soln, as ferrous iron ions with 
the liberation of hydrogen Fe+2H -J-20H / =Fe -|- 20 H / -j~H 2 The ferrous 
hydroxide present in soln is oxidized in the presence of oxygen to form rust On 
the other hand, the acid theory of corrosion enables its supporters to show experi- 
mentally that corrosion c ann ot take place under these conditions, but that an acid, 
or something which can play a similar rdle, must be present The chemical form 
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ot tht dres& which the acid theorv assumes has been described by A C Brown — 
? ide supra , but it mav also be attired electrochemically 

The electrochemical nature o! the process of rusting in general.— In 1819, an 
anonymous writer — assumed to be L J Thenard — and R Mallet expressed the 
opmion that rusting is an electrochemical phenomenon ? and H Davy probably 
held the same opinion , while M Faraday persistently emphasized the electro 
chemical nature of chemical reactions A de la Rive stated that the fact that iron 
does not rust m moist air if no water is deposited on the surface proves that the 
oxidation of a metal m air is not merely the result of a direct combination 

4ctua3h , a more complicated phenomenon occurs, that is a voltaic ariion the metal 
decomposes the water on account of a local voltaic action winch is aided by the presence 
of dissolved osrv gen acting on the hy drogen formed The presence of carbonic acid facili 
tates the action inasmuch as it renders the water a better conductor 

The idea was utilized by T Ericsson- Auren, and T Ericsson Auren and 
W Paimaer , while W Palmaer said that 

If m the acid soln a depolarizer for hydrogen is present, that is a substance which may 
successively oxidize the hydrogen formed, it is evident that the counter e m f of the local 
element diminishes, and the dissolution of the metal is facilitated Direct evidence of 
this was supplied by J M Weeren, who, however, interpreted the phenomenon another way 

H E Armstrong emphasized his belief that that hypothetical substance pure 
water is not an electrical conductor The presence of a trace of “ electrolyte ” is 
necessary for electrical conduction He said The rusting of iron can occur either 
m a circuit from which oxygen is absent, or in one m which it is present In the 
one case, when iron— coupled with an electronegative conductor — is brought in 
contact wi f h an acid soln , it is dissolved as a ferrous salt — say, as ferrous hydro- 
carbonate Fe+2H 2 C0 s =Fe(HC0 3 )2+H 2j or, in the case of dil soln , as ferrous 
hvdroxycarbonate Fe+H 2 04-H 2 C0 3 =Fe(0H)(HC03)4-H2 When the ferrous 
salt m soln is brought m contact with oxygen, it is converted into a ferric salt, 
and rust is formed by the hydrolysis of this salt The action may be represented 
diagrammaticafly 2Fe(0H)(HC0 3 )^(0+H 2 0)=2Fe(0H) 2 (HC0 3 ), followed by 
Fe(0H)2(HC0 3 )+H 2 0=Fe(0H) 3 +H2C03 The rust may be formed by the 
condensation of several simple molecules, attended by a more or less complete 
dehydration of the hydrated feme oxide Here the rust is formed m solution , as 
it were, away from the iron This is demonstrated by the following experiment 
due to G T Moody 

The lower end of a glass cylinder was packed with ordinary iron wire nails, then the 
nmls covered with water to the depth of an inch or two after placing above them a disc of 
white filter paper On observing the cylinder at intervals, it was seen that the nails undergo 
little, if any, perceptible change, but that rust gradually separates out from the liquid and 
flatties on the paper disc abov e them 

H E Armstrong continued In the second case, when oxygen is present 
together with an acid in a soln bathing an iron surface, it is included in the circuit 
of change, and acts as a depolarizer, and no hydrogen is then evolved Initially, 
when no ferrous salt is present, the interaction may be represented Fe+SHgCC^ 
+0 2 =Fe(HC0 3 )2-+-H 2 02 > and when a ferrous salt is also present, some may be 
mduded m the circuit of change and converted into feme salt Fe+2H 2 C0 3 
4-H2U2“ l '2Fe{HCQ5)2=Fe(HC0 s )2+2Fe(0H)(HC0 3 )2 — vide infra, for the hydrogen 
dioxide theory of corrosion In other words, while iron dissolves as ferrous salt, 
ferrous salt which has been produced previously is converted into a basic feme 
salt , in the final stage this latter salt is acted upon by water and converted into 
rust ami acid, the which acid is then available to dissolve a further quantity of 
iron It is to be supposed that when, in presence of oxygen, the hydrogen displaced 
oy iron m dissolving is oxidized effectively m the primary circuit (entirely to 
water) a large additional amount of energy is developed in the circuit, so that the 
electromotive force is raised about 1 J volt beyond that of a single fluid iron- 
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acid cell The part oxygen pla) s is therefore i \ ery important one m so far as it is 
included m the primary circuit in which corrosion is effected It is well known 
that when iron has once begun to rust m air, corrosion proceeds more rapidly, the 
rust appearing to promote attack There is little doubt that this is in some measure 
due to the fact that the finely-divided oxide serv es to attract and condense moisture 
It has been supposed that the rust also promotes corrosion bv its electro negative 
character It may be doubted whether ferric oxide itself has much influence on this 
account, but inasmuch as the electronegative impurities m steel are set free as 
corrosion proceeds, it is easy to understand that as these accumulate on the iron 
surface they may well exercise a considerable influence m lowering the resistance 
in the circuit of change by increasing the area of the electronegative element 

The electrochemical nature of rusting, from one point of view, has been indicated 
m connection with the ionic hypothesis of rusting In its present form it has been 
called the local element theory of rusting, and it was discussed by K P Gngorowitch, 11 
W M Thornton and J A Harle, F Goudriaan, W Guertler and B Blumenthal, 
4. Thiel, J Eckell, F Forster, E He>n and 0 Bauer, T Fujihara, W D Ban- 
croft, G Chaudron, G Y Akimoff, S Rachwal, U K Evans, F N Speller and 
co workers, and G D Bengough and co-workers — mde mfra The electrochemical 
phenomena — mde mfra, electiomotive force of iron — associated with the corrosion 
of metals were studied from the pomt of view of the anode and cathode bv 
U R Evans, W R Fleming, W W H Gee, G Gore, G Grube, 4. Gunther 
Schulze, R Hadfield and E Newbery, E Liebreich, C Michalke, D Reiehinstem, 
E K Rideal, E P Schoch, and A Thiel , anodic corrosion due to an externally 
applied e m f , by A J Allmand and R H D Barklie, H Beeny, F Bergius and 
P Krassa, W R Cooper, J Eckell, W W H Gee, J L R Hayden, R Kjremann, 
B McCollum and G H Ahlbom, R Saxon, E P Schoch and C P Randolph, 
W M Thornton and J A Harle, and G R White , and overvoltage or over 
potential m relation to corrosion phenomena, b}C W Bennett and J G Thompson, 
J I Crabtree, E Denma and G Ferrereo, H J T Ellmgham and A J Allmand, 
U R Evans, C Hambuechen, N Isgancher and S Berkmann, M Knobel, 
M Knobel and D B Joy, E Liebreich, E Liebreich and W Wiederholt, 
D A Maclnnes, F Meumer, W R Mott, E Newbery, T Onoda, J W Richard*, 
and 0 P Watts and co-workers 

According to U R Evans and co-workers, the electric currents flowing between 
the anodic and cathodic portions of a corroding metal are equivalent to the cor- 
rosion produced, not only (a) m cases when the anodic and cathodic areas consist 
of different metals, but also (b) m cases where the whole specimen consists of one 
metal, the anodic and cathodic areas being determined by differences m oxygen- 
concentration, so that the problem of corrosion velocity resolves itself into a study of 
the electrochemical factors which determine the strength of this current Owing to 
polarization, the cathodic and anodic potentials tend to approach one another 
as the current flowing is mcreased The strength of the current can never exceed 
the value which would cause the two potentials to meet This sets a limiting value 
for the corrosion-rate under any particular conditions, which can never be exceeded, 
however low the resistance of the circuit is made , the current-strength cannot be 
obtained by assuming a fixed value for the e m f and dividing this by the resistance 
There is an approximation to “ equipotential conditions ” at fairly high concentra- 
tions, but the anodic and cathodic potentials remain far apart m dil soln , where, 
owing to the low sp conductivity, an appreciable residual eun f is needed to force 
even the corrosion current round the circuit It is possible that in certain 
cases the part of the circuit between the anodic circuit and the anodic tubulus may 
have an appreciable resistance , this may occur, for instance, (1) when the primary 
skin has only occasional weak points (as on stainless steel), (2) if the anodic surface 
becomes covered with an undissolved layer of the anodic product (which may con- 
ceivably occur with ordinary iron or steel in cone soln ) In most cases, the 
polarization which limits the corrosion-rate, occurs at the cathodic area, and is due 
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to limitations h% the ra 4 e of or ygtn supply C ithodic polarization curves under 
controlled conditions of oxvgen -upph, have been traced for a number of metals 
These curves end at high potential m a horizontal branch which serves to indicate 
the law gov ernmg the ratio of anodic ai d cathodic area 5 * "\\ hen corrosion starts 
at a weak point m the invisible film covering the surface of a metal, the area wider 
goirq attack extends (or eoi'tracts) anfd the cathodic current density on the part remaining 
unattached is equal to *fie 1 project oe <,ahte the current flowing under these 
conditions will define the rate of cor*o*ion The protective value is the current 
den*itv which will cause anv incipient attack on a weak point within the area in 
question to lead to the precipitation of rust so close to the surface as to seal the defect 
The rap*d action of acid on commercial zme is connected with the presence of 
impurities wh'ch ex^t as a operate phase , a perfect!} homogeneous metal, or a 
one pha«e *obd »oln mav dissolve more slowlv or more quickly than the pure metal 
An impuritv winch exi^t* as a separate phase will assist corrosion if it be nobler 
than the dominant metal and has a smaller overvoltage Using a figure of 
*peeok wiif n two metals are in contact and con joint I) exposed to chemical influence 
during long period* of time, one metal sacrifices itself to ensure the other s preser- 
v atmn \( tinll} , one metal acts as anode and the other metal as cathode Thus, 

tT> ere wav 1 e a rapid local attack on iron railmgs fixed m position by lead where 
iron s the sacrificial metal In the case of iron m aerated water, ferrous iron mav 
it fust di^'ve leaving an equivalent amount of hydrogen as a polarizing film on 
the surface of + he metal Oxygen removes this laver Hence, iron should dissolve 
faster when it *s m contact with a more electronegativ e metal like platinum, for the 
hvdrogen would preferablv collect on the platinum plate rather than on the iron 
G J Burrow- and C E Fawsitt 12 found this to be the case Thus, iron lost 0 218 
per cent when alone and 0 399 per cent when m contact with platinum for 17 dajs , 
and respectively 0 286 and 0 504 during 35 davs OP Watts and H C Knapp 
<xtea an extraordinary case of a yacht constructed of the non-corroding monel 
met J, witn a steel stem, keel, stem post, and rudder frame Before the vessel 
t«d ™ade a -ingle vovage, the steel parts were rendered useless by corrosion — the 
steel acted as urode, and the monel metal as cathode On ships, steel is v erv table 
to corrode in contact with brass, bronze, or other copper alio} J B Hartley 
reported that brass had the power to presen e cast and wrought iron from attack 
b* sea water but E Daw, and C F Schonbein doubted the statement, and 
R Mallet said a more destructiv e practice than the use of this supposed preserver 
can scarcelv be coneeiv ed or more fatallv applied E Heyn and 0 Bauer observ ed 
that contact with brass had verv little influence on the corrosion of cast iron 
H Daw m las paper on the preservation of the copper sheathing of ships b} using 
zinc as the sacrificial metal stated that cast or wrought iron can be preserved b} 
u*mg zinc or tin as sacrificial metals H Davv was wrong with regard to tin, 
because A van Beck, M Mever, G J Mulder, and E Davy showed that iron acts 
as sacrificial metal and preserves tin but zinc will preserve both iron, and tin 
A van Beck said that H Daw was misled bv observ mg that tm is positive to iron 
m but the relations are reversed when the couple has been for half an hour 

m sea water In the turning of iron described by E Trubshaw, and P Flower the 
won (sacrificial metal; is covered with a thin layer of tm The iron is protected 
from corrosion only so long as the tm coating remains mtact , once the iron is 
exposed, rusting proceeds more quickl} than if the tm were absent F Ulzer showed 

that the tm surface usually breaks down at a number of isolated points, and not m 
continuous patches This shows that the tm surface contains a number of pin- 
holes M F von Wurstemberger discussed what he called the selective corrosion 
of metals , the dissolution of iron in acids, and the rusting of iron in contact with 
other metal* A Stansfield observed that in electrolytic iron, which is considered 
to fie pure and homogeneous, local action may occur because of the different 
orientations of the atoms m different grams, so that even if the metal is homogeneous, 
tocai action can occur through differences in the crystals of the metals, and 
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cbfferences m the concentration of the owgen m different part** of the same 
metal 

Ancxlic corrosion due to local emf — eg the < oitomoi n * tuimd* iron — gal\amc 
couplcb and concentiation cellb ■were discussed b\ T Ardri 7 Aaton, R Auerbach 
O Bauer and O \ ogel G D Bengough and < o workers L H <_a T lend«r H Cassel 
M Centnerszwer and M btraumams, G Chaudron C C C hfforu, H J Donker and 
R A Dengg J W Cobb C Bach J T Comer, E Cumberland A S Cushman, H E Davies 
P Debve C H Desch C M van Deventer J Eckell XT R Evans and co vorkers 
J Farquharson R H Gaines W W H Gee W Guertler a id B Blumenthal, H H Han 
eon and W K Lewis E S Hedges and J E Mvers E HevnandO Bauer, A L Hughe© 
W E Hughes X\ P J orissen K Kieper E F Kohman and X H ^anbom, G v on Knorre 

R H LueckandH T Blair A L McAulav and F P Bowden P T M< Kav.C L Man tell 

and \\ G King F Maurer P D Merita M Palmatr T F Ptrkb A Phillip 
F H Rhodes and F B Johnson \\ Schmid, E C Shtraan I W Shipiev , A Sinclair, 
M Straumams A 1 Smart R Stumper G Tammann and T Xeube^t, F Todt, 
\\ H J Vernon F Ulzer V H Walker and to worker C C ard M C Whipple 

W G Whitman and co workers and W G Whitman and R P Tl>e increased 

corrosion of iron bv segregations was discussed bv C \ van Brunt W H Walker and 
0 R Woodvme and co workers The effect ot graphite ir n+ iron on ctrrosion vias 
discussed bv O Bauer and co workers U R Evan^ P Kc f zschke and T Piwowaiwv, 
F Liebreich and W Wiederholt, H Nipper and F Piwowirskv W Pa maer, J W Shiplev 
and I R McHafhe F N Speller R Stumper and A T1 lei aid co workers the effect 
of slag and non metal inclusions m iron by C Benedicks ard H Loiquist H le Chatehei 
and B Bogitsch J W Cobb, C H Charles H D Hibbard C E Homer, E F Law, 
P OberlioSer and co workers, L T Richardson and P S W e»ton and gas inclusions 
bv O Bauer and M Schromm J Walter M Rudolph O Gros^ W Bennett and 
L R Evans attributed the corrosion of rivet heads m boilers and a 1 - disc cm nuities m 
metal coatings to electrolytic action 

H Da\} was right with respect to zinc, as was shown b\ E Dav v, W H PepYs, 
M Meyer, the 1840 patent of S Sorel for “ zmeking 5> or galvanizing iron with zinc, 
and the 1791 patent of G le R de Jeaucourt for preserving metals from rust bv 
covering them with an alio} of zinc, bismuth and tm The subject was discussed 
bv W H Walker G von Knorre observed that iron m contact with the nob 1 © 
metals and alloys is strongly attacked, whereas m contact with zme it becomes inert 
The feasibility of zinc as a protector for iron ships has been discussed bv R Mallet, 
andB Bell, and its use for protecting boilers from acidic feed-water, bv G Richard- 
son, and W Parker 

G Gallo, and others have shown that the greater the difference of potential of 
iron and a soln with which it is m contact, the more readily does rusting occur 
0 Bauer and O Vogel, and E Heyn and 0 Bauer measured the electrochemical 
senes of the metals m a 1 per cent soln of sodium chlonde, at 18°, and found the 
approximate order Mg, Mn, Zn, Fe, Cd, Al, Te, Pb, Sn, Si, Sb, W, Ou, Bi, Mo, Ni, 
Ag, Hg, Te, Cr, Au, Pt, 0^^+ , and H Diegel found the corrodibility of some 
metals m sea-water to be Zn, Al, Fe, Sn, Al— and Sn bronzes, Cu, Phosphor 
bronze -j- E Davy found that iron in contact with copper in soln of electrolytes 
is corroded, and the subject was studied bv E Davy, H Diegel, O Bauer, and 
0 Vogel, H Cassel, U R Evans, E He}n and 0 Bauer, G von Knorre, and 
W G Whitman and R P Russell 0 Bauer and 0 Vogel found that iron in contact 
with silver is corroded, and similar results were obtained with iron m contact with 
gold, and the reaction was studied by W S Landis 0 Bauer and O Vogel observed 
that the iron is protected when in contact with magnesium m soln of dteetrolyt*38 , 
iron m contact with zinc is also protected, as was observed b} 0 Bauer and 0 Vogel, 
W R Dunstan U R Evans, C Lmdet, M Meyer, and W H Walker and co- 
workers 0 Bauer and 0 Vogel, and U R Evans observed that iron is also pro- 
tected when m contact with cadmium 0 Bauer and 0 \ ogel found that iron is 
incompletely protected when in contact with aluminium The reaction was studied 
by A T Stuart, and H Bauermeister The rusting of iron m contact with tin 
is accelerated, and the reaction was studied by 0 Bauer and 0 Vogel, U R Evans, 
R H Lueck and H T Blair, and M Meyer — vide infra 0 Bauer and 0^ Vogel, 
F Ensslm and F Buschendorf, U R Evans, and H H Hanson and W K Lewis 
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found that the corrosion of iron is accelerated when that metal is in contact with 
bad O Bauer and 0 \ ogel also found that iron is more susceptible to corrosion 
when it is m contact with bismuth R Ir\ine reported that when wrought iron is 
m contact with °ast iron, the former metal is preferentially corroded A Schleicher 
and co workers found that iron is attacked when m contact with passive wrought 
iron, rustj cast iron, clean wrought iron, pa<*si\e cast iron, and clean cast iron, and 
this order is the order electrochemicallv Oxidized iron is positive to clean iron 
The subject was discussed bv E Heyn and 0 Bauer, and G yon Knorre 0 Bauer 
and 0 Vogel found that the corrosion of iron is favoured by contact with mold , 
and the reaction was studied bv U R E\ ans, W Schlotter, and 0 P Watts and 
P L deVerter A BrochetandJ Petit found that the corrosion of iron is favoured 
bv contact with platinum m soln of potassium cyanide Iron becomes passive m 
contact with platinum — i ide supra , the passive state of iron 

The corrodibility of iron in -contact with various alloys depends, as m the case 
of single metal 1 *, on the position of the alloy in the electrochemical senes 0 Bauer 
and 0 Vogel found that in a 1 per cent soln of sodium chlonde, at 18°, the emf 
after 120 hrs ranges from —1 5 tolts with magnesium zinc aUoys —1 480 volts 
with magnesium-aluminium alloys , —1 115 y olts to —0 980 volt with magnesium 
zinc aluminium alloys , —1 026 \oIts with zinc-alummium copper alloys , —1 012 
y olts with zinc Un alloys , —0 936 volt with zinc aluminium alloys , from —0 763 
to —0577 \olt with aluminium copper alloys , from —0-762 to —0 759 volt with 
cast iron , —0 744 volt with steel , —0 707 volt with Wood s alloy — that is, 
Bi Pb Sn Cd as 50 25 12 5 12 5— percentages by weight , —0 581 volt with 
25 per cent mckel-steel , —0 483 volt with lead-antimony alloys , from —0 418 to 
0 401 \ olt with tin antimony-copper alloy , with brass 

Copper 40 4 48 4 519 70 2 77 8 92 3 per cent 

Emf -0 401 -0 359 -0 322 -0 236 -0 212 -0 193 \ olt 

from —0 170 to —0 146 volt with tin copper alloys, —0 154 volt with phosphor- 
bronze — 0 493 per cent phosphorus and 5 69 per cent of tm , and —0 100 volt with 
nickel copper alloy with 49 27 per cent of copper Observations were also made 
by O Bauer, G \on Knorre, G C Clifford, and O P Watts and H G Knapp 
W P Jonssen observed that the attack on iron with brass containing 33 4 per cent 
of copper was less than with brass with 36 9 per cent of copper 

In connection with the corrosion of the iron by organic acids m fruit juices pre 
served m “ tinned cans,” E F Kohman and N H Sanborn studied the electro- 
chemical relations of tm and iron They found that at concentrations eq to 0 75 
per cent malic acid, tin is distinctly cathodic m acetic, malomc, and succinic acids, 
only slightly cathodic in malic acid, and distinctly anodic to iron m citric acid 
Addition of apple pomace to acetic, malomc, and succinic acids reverses the con- 
dition and the tm becomes anodic, a further protection to iron being also mdnced 
by the presence of tin in soln , which raises the cathodic polarization on iron In 
hydrochloric and sulphuric acids of cone ranging from 0 05 to 20 per cent , tm 
becomes increasingly more anodic to iron with increasing cone of acid even when 
the metals are not m electrical contact, and corrosion of tm is very greatly increased 
with metallic contact, due to galvanic action The poten tial conditions axe in- 
fluenced chiefly b} the H ion cone and negligibly by the conductivity of the soln 
The results agree with those of commercial practice in which the more acid fruits 
produce little perforation of the container, although less acid fruits — e g black 
chemes, m the juice of which tin is only mildly anodic to iron — cannot be canned 
successfully because of the hazard of corrosion The subject was discussed by 
C L Mantel! E Nehnng, P and E Xehnng, O Carrasco and E Sarton, 
A Pellenn and E Laaausse, E Gudeman, E F Kohman and N H Sanborn, 
and T Moms and J M Bryan R H Lueck and H T Blair observed that 
m approximately 0 2V-sobi of various acids having ranging from 0 81 to 2 98, 
iron dissolves with evolution of hydrogen but tm is unattacked. With an iron- 
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tin couple, li) drogen is evolved but the rate of evolution is alwava les^ than that 
from uncoupled specimens of iron 'With a citric make acid sola of p a ~2 9S 
this protective action of tm on iron is exhibited when the soln is aerated as 
well as when it is kept sat with hydrogen or nitrogen Corrosion is mo&t rapid 
m the aerated sola , but m all cises it is tht tin which dissolves more rapidlv 
from the coup^ Cadmium coupled with iron protects it to i similar extent, 
but the cadmium dissolv es more rapidlv thin tin under the same conditions 
As just indicated, the e m f of cells of the tvpe Fe | canned foods j Sn shows that, 
although tm is definitely cathodic to iron on open circuit, on short circuiting, 
the e m f falls rapidly and changes sign, the tm becoming the anode The removal 
of either electrode and exposing it to air gi\ es it a more noble potential “W ith 
p ^mikr cells using iron and cadmium electrodes, the latter is always the anode and 
the e m f changes \ ery little on short circuit , using tm and cadmium, cadmium is 
agam always anodic, but the e m f falls notablv on a closed circuit and recovers 
gradually when the circuit is opened In a diaphragm cell containing a citric malic 
acid mixture buffered to p H — 3 5, with the iron electrode m i soln sat with oxvgen 
or hydrogen, the tm electiode alwavs becomes the anode whether the sohi mto 
which it dipped is kept saturated with oxygen or with hydrogen or not treated with 
gases at all But with no gas passed through the soln around the iron, the tm is 
always cathodic if the soln mto which it dipped is kept sat with oxvgen or with 
hv drogen The addition of hydrogen dioxide to the soln around the tm also keeps 
it cathodic to the iron These results are related to the high hydrogen overv oltage 
of tm compared with that of iron , the tm becomes polarized and then hydrogen is 
more readily liberated at the iron The abnormal tendency of canned fruits to 
cause the perforation of the tin container is possibl} due to the presence of mild 
oxidizing agents which cause the microscopic areas of exposed, iron to become 
anodic to the surrounding tm 

The speed of the reaction between iron and the ambient medium — say, a eorrosiv e acid — 
is determined by the rate at which the film of liquid m contact with the metal is saturated 
and on the rate at which the solute diffuse mto the surrounding medium This so called 
diffusion theory of dissolution was studied by E Bruner L Bruner and St Tolloczko, 
W Nemst, A A Noyes and W R Whitnej , W Palmaer W G Whitman and co workers, 
and R P Russell and co workers 

W E Dunstan and J E Hill consider that when air and water alone fail to 
produce rusting, the iron has been made passive by the process of purification, and 
that carbon dioxide destroys the passivity and inaugurates rusting The normal 
rusting process is a result of the direct action of oxygen dissolved in water upon 
the iron — ferrous hydroxide is first formed and this subsequently oxidizes to the 
feme condition Substances m soln which inhibit rusting are supposed to do so 
by making the iron passive — e g oxidizing agents like alkali chromates, dichromates, 
permanganates, lodates , and potassium sodium hydroxides, etc and some of 
these substances — e g potassium dichromate —have found industrial application 
as anti rusting agents 

Iron of a high degree of purity was found by H Kreusler, A Skiabal, 
1 Neuburger, JAN Friend, and B Lambert to be comparatively inactive 
Industrial iron is impure, and not pli) sicall} homogeneous , while natural water 
always contains electrolytes Hence, loc il currents m ay be generated on the 
surface, and as a result the metal may be dissolved in one place and give off 
h\ drogen m another, so that the impurities act as centres of corrosion The oxygen 
dissolved in the water acts as a depolarizer for the cathodic hydrogen M Centner- 
szwer and M Straumanis demonstrated the existence of these local curre nts , and 
F Todt, that the corroding surface of iron consists of local elements of active and 
passive metal E Pietsch and co workers observed that distilled water alone does 
not attack homogeneous surfaces of iron, but with heterogeneous surfaces rusting 
commences between the grams 0 P Watts found that a busy rail that is, a 

vol xm ^ 8 
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rail m regular use — is electropositive to an idle rail and so is less liable to ru*t 
Similarh , cold worked metal is electropositrv e to the unworked metal 

In the case of iron and «teel there mav be many different phases graphite, 
carbide, phosphide oxide sulphide etc — and the distribution of anodic and 
cathodic areas on the Surface of the metal can be explored by the so called ferroxyl 
wfinatot v ugge>ted bv W H Walker **nd co workers, and A S Cushman and 
H A Gardner The -oln or jelh , contammg potassium femcyamde, and phenol 
phthalem become* hi le where the iron acts as an anode, a=nd passes into soln as a 
ferrous ^alt while it become-* p*nk where the iron acts as cathode and alkali is 
liberated The test was discu&«?ed bv H S Rawdon, W van W Scholten, 
I R Evans S Kvropoulos, J W Cobb, W Blum and C F Thomas, and 
K Pit&cnner R E Wilson observed that the potassium femcyamde m the 
indicator may act as oxidizing depolarizer when no sensible increase in the cone of 
the OH ’ons occurs and the cathode areas are then recognizable by the disappear- 
ance of the vellow colour of the ferricvamde A. S Cushman described the pre 
paration of the ferroxyl indicator a& follows 

\ 1 5 pe" cert soln of agar agar is first made bv dissolving a weighed quantity of 
powd* T *r-d agar agar ir the requisite amount of water This soln is boiled for 1 hr 
f*\*h wat* r hem# added to replace that lost bv e\ aporation It is then filtered while hot 
and Sot of standard pi enolphthalem indicator added to every 100 c c of soln , after 
wl ich it io brought to a periectlv reutral condition b\ titration with a 0 IN soln of potas 
siu n h drov. k cr h\ droch^nc acid as the case may be The addition of 7 c c of a 1 per 
cent win ©* po*a«sium fur c \ amde to everj 100 c c of soln is then made and the ferroayl 
reagent v hue >tMl hot ^ read\ to use Enough of th^ reagent should be poured into a dish 
just to tovt** the bottom ana the dish floated in cold water until the agar agar has jellied 
A clean samole of iron is then placed on this bed of jelly and covered with the hot soln 
After the final addit on of agar agar the dish should not be remov ed until thoroughly cooled 
W bile the co’ouis sometimes show up immediately, they usually require from 12 to 24 hrs 
to attain their most perfect development The mounts may be preserved for many 
months bv keeping the surface of the agar agar covered with alcohol 

L Aitdnson observ ed that compact iron consists of crystals of ferrite, separated 
bv an amorphous cement , the soln press of the cement must differ from that of 
the ferrite, so that when immersed m water, a difference of potential will be set up 
which murf lead to corrosion If the cement is positive to the femte, the cement 
will be corroded, and conversely When steels are attacked by dil acids, 
J 0 Arnold and A A Read-tide supra, sulphuric acid — showed that the femte 
pa*&e* into soln while the carbides are not attacked but remain m their original 
form The irregulann m the composition of a piece of iron and steel produced by 
segregation, e*c , was discussed bv R H Games, J W T Cobb, and W Marriott , 
ana the pitting produced by local galvanic action due to surface impurities— traces 
of cmder, slag sulphide, oxide, etc — b} C Bach, N Bamaby, 0 Bauer, U R Evans, 
G Gallo, B Garre, W W H Gee, E Hevn and 0 Bauer, S Kyropoulos, 
V B Lewe> J T MiltonandW J Larke, W T Palmaer, W Parker, H F Richards, 
L T Ricnardson, A Schleicher and G Schultz, C J Smithells, R Stumper, 
W H Walker and WT K Lew^, G C andM C Whipple, -and W r H White — vide 
>hfra \s emphasized ov U R Evans, this does not necessarily mean that impure 
iretals hav e a greater tenderev to corrode than purer metals 

R Stumper found that the corrosion of iron is considerably increased when the 
metal is m contact with iron sulphide, and in. the case of galvanic contact, the 
corrosion is more than twice as great R Mallet explained the greater corrosion 
of thin pieceb of cas+ iron in sea-water bv showing that thm castings cool more 
quicklv and more irregularly than thick ones so that they are more likely to be less 
homogeneous Consequently, when immersed m sea-water the number of local 
voltam couples is proportion&llv increased and the corrosion is thus augmented 
The drffererce was most marked with grev, or graphitic, cast iron, and least marked 
with the white varieties U R Evans observed that local electrolytic action may 
occur owing to the local abrasion of surface layers Where the corrosion product 
is loobe and fiocculent, the abraded portion is often cathodic, and no local action 
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occurs, but when tlie him is thin and highly protective, the abraded portion will 
be anodic, and corrosion on that part will be intensified Similarly, local current^ 
may be produced by the same metal, one part greased and one part not greased 
Q A Tomlinson discussed the corrosion of steel surfaces m contact 

B Martell, and W Denny mentioned puzzling cases of corrosion which have 
occurred when old iron structures have been patched up with new material Pliny , 
in the first centnry of our era, mentioned such a case m his Historia naturalis (38 43}, 
for he said that the iron cham across the nver Euphrates at Zeugma (Mesopotamia) 
was repaired by introducing new links, but the new links gathered rust under con- 
ditions where the re m a in der of the old links were free from rust R Mallet found 
that in sea-water, grey cast iron m contact with white cast iron corroded with the 
greater velocity, so that white cast iron was protected by the grey cast iron 
T Andrews found that the potential difference in volts between cast iron and 
wrought iron, in sea-water, is 0 030 volt in favour of cast iron for 233 days out of 
300, and during that time, the cast iron was less corrodible than wrought iron , but 
the potential difference varies from day to day, so that m some cases the potential 
difference is reversed, and he found m one case the potential difference is —0 011 
volt, so that wrought iron having the higher potential was least attacked for 66 days 
out of 300 The adhesion of rust, and the heterogeneity of the metal are known to 
affect the difference of potential E Heyn and O Bauer also found that the 
contact of steel with cast iron reduced the corrosion of steel Hence, the contact 
between steel and cast iron may augment corrosion and be a source of danger 
JAN Friend mentioned a serious accident m the Portsmouth Dockyard owing 
to the abnormally rapid corrosion of wrought iron m contact with cast iron Errors 
may occur m experimental work when one metal plate is placed above another in 
the corroding liquid, for the one plate may prevent a certain amount of oxygen 
diffusing to the other plate, and thus reduce corrosion independently of any galvamc 
action V B Lewes mentioned a possible case of galvamc activity when plates of 
the same metal but at different temp form couples , and T Andrews, vide supra, 
when plates of strained and unstrained metal are m contact — the unstrained metal 
is electropositive to the strained metal The galvanic action between different 
kinds of iron was discussed by J Farquharson, H Diegel, H S Munroe, W Parker, 
A Ledebur, A Sang, H M Howe, etc 

The galvanic activity between strained and unstrained pieces of the same iron 
was discussed by T Andrews, W M Barr and R W Savidge, C F Burgess, 
U R Evans, C Hambuechen, E Heyn and 0 Bauer, K Mancb, T W Richards 
and G E Behr, W Spnng, W H Walker and C Dill, etc — mde infra F Osmond 
and J Werth found that the cold-worked metal dissolves faster than does the un- 
worked metal m salt soln P A von Bonsdorff, C F Burgess, U R Evans, 
JAN Friend, P Goerens, H Hanemann and C land, W Charpentier, E Heyn, 
R Fr pmpm n and R Muller, D J McA dam , T W Richards and G E Behr, 
R P Russell and co-workers, and M Werner made observations on this subject 
According to B Garre, the rate at which iron dissolves m dll sulphuric acid increases 
directly with the number of twists to which the metal has been subjected, and the 
rate of dissolution of iron is greater after bending than before H S Rawdon also 
noted that mtercrystallme corrosion is favoured by high stresses As indicated 
below, H Endo observed that the loss by corrosion m dil sulphuric acid is almost 
proportional to the amount of deformation by tensile stresses , the loss also increased 
with torsion, and, in general, the attack is greatest where the twist is greatest , 
and the loss also increases with the load of compressive stresses JAN Fnend 
found that, as a rule, unstressed iron corrodes more quickly than iron which has 
been deformed by stretching, twisting, or compression — mde infra , corrosion fatigue 
The slower the rusting of busy iron in comparison with idle iron—* g rail way lines— 
was discussed by JAN Fnend, 0 Bauer, and A S Cushman and H A Gardner 

A C Brown, 18 O Brown, and J Aston and co-workers observed that iron coated 
with freshly-formed rust, which has had no chance to dry, is always anodic to the 
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bare metal, so that the i i motec electrolv tie effects equal to or surpassing those 
factor© gemralh considered to be <d marked importance There is sometimes a 
reversal of the current between irodic rust and the cathodic metal The change in 
the poliritv of freshlv f intuit wet rust i& attributed to unpreventable local action 
on rcl rtn eh large electrode s urf ito Drv ru'st tends to reverse its initial cathodic 
character and to Uh ve Lke ire-ii wet ru<t after vnrjmg periods of immersion 
The re\ er <d ot the polantv in the drv mg of wet rust is attributed to a change in the 
dtgrtf <‘f hvurition, to the adsorption of gises from the atmosphere, or to the 
formitioi 1 ot an ocide or other compound of iron m contact with the metal surface 
Tne effect of m©t on the surface of the metal was discussed b> J Aston, 0 Bauer, 
E L ChappeP, U R Evans, JAN Friend, F Goudrian, E He>n, 0 Krohnke, 
R Krera&nn and R Mailer E Maass and E Liebreich, E A and L T Richardson, 
\\ D Rieha r d*<m, A Schleicher and G Schultz, G C Schmidt, J Spennrath, 
T htapenhord, W A Tilder, W H \Wker, G C and M C Whipple, and 
H \\ olblmg L H Callender showed that a boundary film— solid, liquid, or gas— 
tends to form on a metil whenever the film has a higher potential than the metal 
it-t’f E L Chappell and I Fajilnra discussed the role of rust films m the 
corrosion of metals According to G A lomlmson, the iu ting which occurs when 
tie tv o piea- of hteel 1 we been rubbed together is not due to the crushing of the 
surfaces of contact a id so producing minute particles of powder which oxidize 
rapidlv , but he cons aer> that the phenomenon is a result of molecular cohesion 
produced bv pressure 

J Aston showed that the reason wet ru-t promotes further rustmg is not due to 
its act mg a'' a cathode, but rather because it acts as a diaphragm the same as the 
interposition of wet doth, or filter paper between two metals J Aston said 


The underlying feature appears to be tne relative access of oxygen to tlie surface of 
the electrodes The electrolyte (moisture) ma + reach both , then that to which oxygen 
has the more free access becomes the cathode, and tne otner is the anode If two bare iron 
electrodes are separated by a partition of porous earthenware, parchment, etc , either may 
be made the cathode bv bubbling air mto this compartment, and not into the other Wet 
rust or similar coating upon one electrode plays the role of a diaphragm permeable to the 
moisture, but preventing or slowing down the oxvgen penetration Anodic soln of the 
underlying iron results, with oxidation and precipitation as greenish ferrous hydroxide 
Thi« coPoid migrating outwards under the directive influence of the current, is zn turn 
oxidized to feme hydroxide nearer to the exposed surface of the rusted anode The effect 
of rust and oxvgen is well illustrated by local rustmg of an iron sheet which has air bubbling 

up one strip or zone Contrary 

" , — — j — -r-t ^ — - -p , , to general expectation the zone 

I —— . » ■■ -j — f « ■■ ! ■■■■ i -i j - i ♦ I — r— supplied with air remains clear, 

^ // 1 — i — > -/ >-- - j f — + -+- [ I— whilst the adjoining parts are 

U* * 7 / ♦ >i " 1 i i 1 f- ! ■ ■ 1 anodic and become coated with 

£ r < / — * { I - } i 1~ rust 

£ — { , . I — U 

? J * y' — — H- 1 "’ 1 | I !■ j | — According to H 0 For 

g ^ r yl ~ !T| I | ) * I 1 f H ; 7 rest and co-workers, the cor 

J * J Vj- J-w 4-4-1 . rosion of iron and other 

— r; ■ ; ; ' ; 1 t | metals m, say, aerated w iter 

& Z J/ZZ~ rl’ ~ ~i -ll * 4 ~ XX- - ! I 1S attended hy the formation 
\ t // * 'p T , ^ 1 — II of more or less protective 

$ £ 1 1 1 — 1 1 1 1 i' films of hydrated oxide on 

L r > i . 1 the surfac e of the metal The 

* * j- t * t , 20 ** metals which are usually con 

xv. t a i t> j. . J . _ , sidered to resist corrosion, 

R 303 ^str 0 ” OTdlDaTi 8 “ d lie ordinal} iron and stool, 

are initially attacked m a 
buxui kt m a nne r, but so-called resistors of corrosion form a very resis tant and 
protective surface film The differences in the r esistan ce of, say, or dinar y mild 
ste and stainless steel is attributed solely to diff erences in the physical and 
laical properties of the films Fig 363 represents the rates of attack of 


303 — Initial Hates of Corrosion of Ordinary and 
Alloy Steels 
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these steels expressed in terms of the rates xt winch oxygen is consumed cc 
per sq dm Corrosion starts in all cases hut ends \er\ quickly as ti k e protea l e 
film is formed This is shown by the flattenings of the curve corre^ponamg with 
zero corrosion The curve for the low carbon steels begins to flatten after x io ,£rer 
period of time, but the film is here not so reactant as m the case of *he tv o 'dlov 
steels 


In 1830, E Manamm found that momentary currents can be produced „t + w*er 
two zinc electrodes immersed m water, simply b\ hating one of them into tin vt 
and replacing it , and E \\ arburg, and KistiakowaH showed tb it ip electrical 
current may be generated by variations m the cone of the owge" m +Le ^oln , 
and by variations m the cone of the salts m soln in contxc f w*tii ctiFerert pxrN 
of the metal U It Evans made a special studv of the elcctnca’ currents se + 
up by the differential aeration of metals In what he called the key experiment 
a cell was made with two sheets of the same iron as electrodes , one of which 
was placed in a porous cell of parchment, the electrohte wis 0 ") VK( 1, the 
electrodes were connected with a milhammeter Air was bubbled ag u n>t the iron 
plate m the outer compartment The nulhammeter then showed that the 
aerated electrode was the positive pole or cathode, and the unaerated electrode 
was the negative pole or anode , the current was prov ided by the consump 
tion of metal from the unaerated electrode, since the unaerated electrode lobes 
more weight than the aerated electrode If the current be tapped from a plate 
of metal immersed vertically m a soln of potassium ( blonde exposed to air, a 
current flows between the upper aerated 


zone at the top, and the unaerated portion 
below The general results indicate that 
the corrosion of metals like iron, zinc, 
and lead by a soln of a salt like sodium 
chloride is an electrochemical process 
for it involves (i) the production of an 
electric current , (n) the production of a 
soluble metal salt — ferrous chlonde — at 



the anodic or unaerated places , (m) the Fig 364 —Vertical Section illustrating the 
production of sodium hydroxide at the Corrosion of Iron by a Drop of a Solution 
cathodic or aerated places , and (iv) the of 80(11,1111 Chlonde 
precipitation of an insoluble hydroxide — e q ferrous hydroxide — where the pro- 
ducts from the cathodic and anodic zones meet The white ferrous hydroxide 
darkens rapidly, and it may appear green on the low er surface and brown on the 
upper surface This is illustrated by U R E\ a ns’ studv of the corrosion of a dry 
horizontal sheet of polished iron by a drop of a soln of sodium chlonde resting 
on it After some min utes, a precipitate of ferrous hydroxide begins to appear, 
not at the edge, but in a circle running round the drop a short way within the 
margin — Fig 364 The precipitate is at first white, and after a time it becomes 
brown, and extends as a membrane until it passes over the top of the drop A 
sample of liquid taken from the clear outer nng is strongly alkaline, and free 
from iron salts, while a sample abstracted from the mtenor, by means of a fine 
capillary tube, contains ferrous chloride but no free alkali Oxygen is more 
easily renewed at the edge than near the centre of the drop, so that metal 
under the outer rim of the drop acts as cathode and alkali hydroxide is formed, 
whereas m the interior unaerated portion the metal suffers anodic attack and 
ferrous chlonde is formed Along the surface of contact of the alkali hydroxide 
and ferrous chloride soln , a nng of white ferrous hydroxide is formed, which by 
further oxidation changes to rust brown by drated feme oxide Corrosion occurs 
only m the central portion of the drop Hence, U R Evans concluded that 
corrosion is likely to persist most readily in places where oxx gen has least access, 
provided the inaccessible places are not far removed from places to which oxygen 
can freely penetrate He illustrated the principle of differuitnl aeration by the 
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case of a minu te cavifcj m a plate of metal immersed horizontally just below the 
surface of a soln of sodium chloride Oxygen will not be so quickly supplied to 
the liquid within the cavit) as it is to liquid over the plane surface of the metal 
Hence, the metal about the cavity becomes anodic, and the aerated portion outside 
become* cathodic The phenomena occurring m the case of the drop are repeated 

under another guise — Fig 365 The 
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Fia 365 — Vertical Section illustrating the 
Formation of a Couple of Pits m Iron un 
mersed m a Solution of Sodium Chloride 
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general result is that the corrosion is 
concentrated upon a small anodic area 
within the cavity, and pitting results 
The drop method of studying cor- 
rosion was employed by U R Evans, 
T Fujihara, and T S Fuller , and the 
principle of differential aeration was 
discussed by E Maass and E Lie 
breich, E Herzog and G Chaudron, 
F Todt, E Liebreich, D W Smith 
ajid R F Mehl, and H Cassel and 
T Erdey-Graz 

A Payen noted the localized oxi 
The corrosion of iron is thus due to 
The amount of corrosion 


dation at what he called oxidized points 

the formation of local oxygen concentration cells xu* uj. uurruaiun 

depends on the supply of the corroding agent to the cathodic areas where it 
acts as a depolarizer, but the metal is attacked m the anodic areas At the 
cathodic surface, 6H'+1 50 2 =3H 2 0+6© , at the anodic surface, 2Fe+40H' 
=2F e(OH) 2 +40 , and m the corrosion product, 2Fe(OH) 2 +2HO , =2Fe(OH) 3 
-+-29, the resultant reaction being ZB^O-rl 50,+2Fe=2Fe(0H) 3 The theory 
was discussed by R E Wilson, J Aston, R J McKay, W G Whitman and 
co-workers, and F N Speller The localized forms of corrosion known as pitting 
and perforation are usually the most serious forms of corrosion Many pounds 
of iron might be lost by a boiler through uniform surface corrosion without 
any particular harm, but a small proportion lost by pitting might perforate the 
plate , or, as A S Cus hma n expresses it, just as a chain is no stronger than its 
weakest link, so also a piece of iron m service may be rumed and discarded even 
if more than 99 per cent of its mass and surface is still m good condition The 
subject was discussed by J R Baylis, C Benedicks, S G Britton and U R Evans, 
E Engtesson U R Evans and 0 W Borgmann, TAN Fnend, G N Huntley, 
S rr ® ^ Mitchell, E Pietsch and E Josephy, G Schikorr, 

E H Schulz, A Thiel and W Ernst, W Thomson, F Todt,G C andM 0 Whipple, 
A W mstanle^ , and F Wurtzemberger D F CaihaneandA L Gammage found 
that a small proportion of iron in nickel plates forms with nickel a senes of galvanic 
couples, and these after long exposure to the atmosphere cause rusting 

J T Milton and W J Larhe, 1 * and S Rachwal noted that iron with a hetero- 
geneous structure is more prone to corrosion than when the structure is more homo- 
geneous C Fremont and F Osmond discussed corrosion along Hartmann’s and 
8 hneto vide supra The annealing of cold- worked iron makes it less cor- 
roamle, sad, according to E Heyn and 0 Bauer, the influence is perceptible even 
\r The subject was discussed by H Altpeter, 

M Delbart P Goerens, H Hanemann and C Lind, and J H Whiteley and co- 
workers C Chappell found that quenched steel is more corrodible than steel which 
bMB been quenched and then annealed, and that the effect depends on the temp 
at corrosion , J Dnesen observed a maximum between 350° and 400°, and a 
rwmmum 100® and 200° The subject was discussed by Y Duffek, 

H Endo, W Roster, and 8 Whyte 

i 0Jk of grain size on the corrosion of metals are often com- 

pucatea by the simultaneons presence of other factors, so that the evidence is some- 

ime* conflicting P T Bruhl, and S W Smith considered that a *mall gram-size 
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favoured the attack J P Sparrow, S Whyte, \V H J \ emon, and N S Kur- 
nakoff and A N Achnasaroff said that a fine structure resists attack better than 
does a coarse structure , R J Anderson and co workers, and G D Bengough 
and R May added that whilst the effect of the grain size is sni'dl, corrosion is 
less with a small gram size than with a large one , and J H Whitelev and 
A F Hallimond could detect no difference m the reaction curves of annealed iron 
having widely different grain size 
with nitric acid Observations on 
the subject were made by H Hane- 
mann and C Lmd, W R Fleming, 

R G Guthrie, C Irresberger, G Ritt- 
ler, A Schleicher, G Schleicher, 

G Schumann, and S Whyte Some 
of the results of C Chappell with 
sea- water for 116 days are sum- 
marized in Fig 366 — mde infra The 
preferential corrosion between the 
crystals — intercrystalhne corrosion — 
was studied by H S Rawdon, 

D Hanson, and J A Jones 
L Aitchison concluded that the 
twinning of the crystals is likely to hasten the corrosion of any metal showing a 
tendency to be attacked 

K Arndt 15 showed that the physical condition of the exposed surface is an 
important factor affecting its corrodibiktv R Pflueker emphasized the favourable 
influence of polishing on the resistance to rusting , and U R E\ ans, tne unfavour- 
able influence of surface abrasion A highly polished surface is less liable to 
corrode than a rough-filed, more or less porous mass The latter will rust under 
conditions where the former will remam bright, because moisture may condense 
in the interstices of the rough surface, and evaporate slowly So also are the 
coarser grained varieties of cast iron more corrodible than the finer grained varieties 
The interstices between the strands of a wire cable behave as pores, and allowing 
condensed water to lodge therein greatly accelerate the speed of corrosion, so that, 
as M T Murray showed, a cable may appear outwardly sound and strong, and 
be internally rotten 0 Bauer discussed the influence of blobs and pores m the 
metal on rusting , and H S Rawdon, etc — mde supra — the mtercrystallme 
corrosion of metals Observations on the influence of surface conditions on cor- 
rosion were made by L Aitchison, G D Bengough and co-workers, L H Callender, 
U R Evans, 0 E Fawsitt, W Fraenkel and G Tammann, B Garre, P Goerens, 
H Hauschild, E Liebreich, E Liebreich and F Spitzer, L R Luce, E Newbery, 
W Rosenham and co-workers, G M Schwab and E Pietsch, G Tammann, 
H S Taylor, W H J Yemon, and G Walpert , the mtercrystallme corrosion 
of metals was studied by H S Rawdon , and observations on the surface 
phenomena, by U R Evans, H Euler, W H Hatfield, I Langmuir, C Marangom 
and P Stefanelli, D Ruff, B D Saklatwalla, and G A Tomlinson The 
favourable effect of the skin produced during the casting of the metal m resisting 
the corrosion of cast iron was noted by H G Haase , and the unfavourable 
influence of spheroids of ceinentite in the rim, by R G Guthne J Wulff 
found that the form of the test piece has an influence on the corrosion , and 
A M Portevm found that the attack is dependent on the curvature of the 
surface 

The porosity of raefofe has been long recognized In 1620, Francis Bacon, 
m his Novum organum (London, 2 45, 1620), demonstrated the porosity of lead 
by compressing water m a hermetically sealed vessel until “ the water, impatient 
of further pressure, exuded through the solid lead like a fine dew ” , and m 1667, 
the Accademia del Cimento reported, m the Sctggi d% natural*, esperienze (Firenze, 





Fig 36b — The Effect of Heat treatment on 
the Corrosion of Iron 
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a Muular result with gold At the beginning of last centurv, F Clement 
placed a turned and bored cvlirder of cast iron within a copper cvlmder and filled 
the rntm enu g *pace with molten t n On cooling, some of the tm had squeezed 
through the ca^t iron ind appeared like a fine, filamentous wool lining the interior 
B H Airagtt ob^rved a * mihr result with mercur)— ude iron amalgams 
P V Bridgman found that when mercurv is pressed on to the surface of steel, 
*ome mercurv ptnetrated the pores of tne steel and made it rotten, owmg to the 
formation of an *ron amalgam (q i ) J Smithson observed that tm could be 
forced bv pressure througn cast iron The penetration occurred only when the 
ft+ram was expansive and thus tended to open the pores, a compressive strain, 
such as tint caused bv pressing cn the outside of a steel ball, closed the pores and 
presented penetn^on Durmg the ocean surve}, bv the officers of the United 
St ites Navv it wa^ observed that t hicL hollow, glass balls, sunk to great depths 
ir the ocean for an hour or two, bee ime more or less filled with water No cracks 
or breakages could be detected microscopicalh, and the inference made was that 
Wa*er had been forced bv the enormous ocean press — 5 to 6 tons per sq in — 
tnrough the pores of the glass Tins will prove to be a very important fact if it 
he confirmed A Jouve has also observed the permeation of sulphuric acid m 
tne pores of v es*eb of cast iron with a high proportion of silicon , whilst G Tam 
mann ardH Bredeme^er forced bv pre&s asoln of d} e into the interior of specimens 
of metil, and II Juncker proposed to reduce the corrodibility of cast iron b} 
forcing unde 1 * pre^ linseed oil into its pores Observations on the porosity of 
me*aL were also made bv J Dewrance, U R Evans, J A N Fnend, W H Perkins, 
E Piwcwarsk} and H Esser and W M Thornton — vide supra , the sp gr of iron 
B Garre d^ussed the pores formed when the metal is twisted or bent 

The eapdlarv channels, discussed bv L Gmllet and co workers, are thought 
f o follow the edges of the original crystal grains — vide infra , surface oxidation 
I R Evans considered that the corrosion m capillaries is also due to differential 
aeration, and not to capillary action assumed by L McCulloch In cast metals, 
therefore, as pointed, out by l R Evans, the corrosion in cavities will tend to dig 
downwards mto the metal and enlarge the cavities, producing pitting, sponginess, 
and penetration while m worked metals, corrosion will tend to pass below the 
surface lav er in a direct parallel to the surface, enlarging the original capillary 
channels causing the surface layer to peel off m flakes, or nse m blisters, or split 
into flakes and appear rotten As observed by C Chappell, and others — mde 
sujra — cavities are also likely to occur where the iron contains inclusions of slag, 
scoria, etc , so that corrosion is often found to penetrate deeply around the edges 
of inclusion*, and to follow slag lines m the metal W H J Vernon emphasized 
the eff^c + <ft atm dust m favouring the corrosion of iron exposed to the atmo- 
sphere Unfiltered air produced ru-trng under conditions where polished plates 
remained bright m air filtered through cotton wool Here, the speck of dust 
mav lead to the retention of a film of moisture between the gram of dust and the 
underlv ing metal, and the conditions will then be established for the anodic cor- 
rosion described bv l R Evans When the rust is produced as a precipitate, 
well awav from the metal and afterwards settles on the metal, it forms a flocculent 
layer w*+h no great aanesive power, and, as E L Chappell showed, when the 
whole surface is completely covered, it will act as a protector by hindering the 
diffusion of oxvgen to the metal 

The effect of oxygen in corrosion has been treated from one point of view in 
connection with the act’on of aerated water and the subject has been also discussed 
bv W D Bancroft, J 31 Br}an, G Chaudron, G L Cox and B E Roetheh, 
W H C r eutrfeldt, \\ R Dims tan and J R Hill, H Endo and S Kanazawa, 
U R Evans and co-workera, H 0 Forrest and co workers, E C Groesbeck and 
L J \\ a dron, J C Hudson, K Inamura, B Lambert and J C Thomson, 
A R Lee, A L Mi Auiav and F P Bowden, J If cBnde, T N Moms, 0 Moureau 
anti C Du train*, R Xaumann G P ns, W S Patterson, J G A Rhodm, 
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W D Richardson, B E Roetheli iml co workers J Rot be and F \V HuaHchsen, 
G Schikorr, C F Schonbem, F N Speller G Tammann and ^ Roster F Todt, 
W H J Vernon, W H Walker, W K teller, W G W ntnian and R F Ru^eU, 
W R "Whitney, and H V olblmg — tide inf) a G Pari^, E Xauj.anii, and 
J W Cobb and G Dougill attributed the e\tensi\e rusting m hut v^er pipe 
systems to the ox\gen dissolved m the water W A Bradban foun^ tu*,t the 
corrosive effects of water are due to the dissoh ed air and carbon diovde, and 
that magnesium chloride alone, usually represented as acting MgCl 2 — Fe— 2H 2 0 
=Mg( 0 H) 2 FeCl 2 +H 2 , does not so act at atm pre^s when cold or ho* The 
prevention of the corrosion of hot-water pipes hv de-aeration of the water was 
discussed by F N Speller, C R Tester, J R Ba\lis, 0 Krohnke, mdF Me\er 

When a plate is immersed horizontally below the surface of a soln of sodium 
chloride, lmes, spots and rings of the hy drated oxide appear on ^he -urf ice , tnese 
are formed about the openings of the pores , in time, the centres of tie rings fill 
in, humps of hydrated oxide extend over the pore openings, and the fbecuknt 
rust spreads irregularly until the whole surface is covered The blanket of h\ drated 
oxide shields the metal from oxygen, and the whole surface will become anodic, 
but the corrosion will be slow, smce the presence of owgen is not needed at the 
anodic portions, yet access of oxygen is necessary at the cathoaic areas If the 
blanket of hydrated oxide is removed from part of the surface b\ mo\ ements of 
the liquid, slow corrosion will contmue over the blanketed portion On the lower 
surface of the plate the removal of the hydrated oxide may occur b\ sedimentation, 
so that blanketing does not occur, and corrosion contmues m the pores WAh 
plates placed vertically m the liquid, there is the tendency of the h\ drated oxide 
to spread downwards from each pit, and the fact that the tipper portions are more 
accessible to oxygen than the lower portions The lower, less aerated part is 
therefore anodic to the upper, aerated portion The lower portion is therefore 
corroded first, while the upper portion, near the le\el of the soln , remains clear 
The corrosion may begm m pits or cavities, forming what A Pa>en called les tuber - 
cules ferrugineauXy and extending downwards, developing into streamers, or, as 
A Paven called them, les formes terinieidaires F H Rhodes and E B Johnson 
found that m the case of a municipal gas-holder, the attack occurred along a 
horizontal zone between 4 m and 3 ft below the level of the sealing water There 
was no evidence of attack at or just below the water-level In this case the reducing 
action of the coal-gas may have helped to lessen the oxygen concentration of the 
parts below the surface of the water In some cases, the aerated, cathodic zone 
may resist corrosion for a time, even when the distribution of the oxygen has 
become uniform , and U R Evans attributed this to the formation of a film of 
oxide which is more protective than a film formed by exposure to dry air This 
film of oxide may become thick enough to give interference tints 

According to J R Bayhs, tuberculous deposits form an impervious coating 
where soluble iron from the interior comes into contact with dissolved oxygen 
If the water has p H =8 5 the iron forms an impervious coating of crystalline iron 
oxide m a few months Pits are often found under tubercles, and negative ions, 
such as sulphate and chloride ions, are concentrated m these the overlying 
tubercles may contain over 1 per cent of these salts A L McAulay and 
F P Bowden measured the potential between metal and liquid at different parts 
of a surface both during corrosion, and afterwards when removed from the liquid 
The value on the cathodic zone varied slightly from that on the anodic zone 
Using 0 liV-NaCI, against a normal calomel electrode, the anodic portion near the 
bottom had a potential of — 0 520 volt, and near the water-line of the cathodic 
portion, 0 380 volt 

Iron is less qnickly attacked by distilled water than it is by a soln of potassium 
chloride, sulphate, or nitrate , and with water, the direct product of anodic cor- 
rosion is ferrous h\ droxide, which is sparingly soluble in w iter The corrosion 
of the metal by a drop of distilled water follows very much the course of that 
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illustrated bv Fig 364 , but with water distinctly alkaline, where the solubility 
of ferrous hydroxide is greatly reduced, U R Evans showed that an insoluble, 
protective film will be produced which will grow until the potential of the parts 
inaccessible to oxygen approaches the \alue of the aerated part, the current will 
cease to flow, and corrosion will cease This agrees with the general obsenation 
that iron immersed in alkaline liquids containing oxygen usually remains bright, 
and passive 

Some factors influencing the rate of corrosion. — Although m the local anodic 
corrosion of iron, access of oxygen where the actual corrosion occurs is not necessary , 
jet oxvgen must be present at the cathode portions to act as depolarizer Hence, 
considering the whole system, the attack on the metal is 
dependent on the proportion of dissolved oxygen , and if the 
proportion of dissolved oxvgen in the water could be reduced 
the rate of corrosion would be reduced C Chappell found 
that for low-carbon steels, the amount of corrosion is pro 
portionai to the time of immersion With respect to the 
velocity of corrosion, except for very short intervals of time, 
the extent of the corrosion is not proportional to the time of 
exposure to the corroding influence These results, however, 
were not obtained with one piece of metal, but rather by the 
ose of a senes of plates which were all corroding at the same 
rate JAN Friend, therefore, measured the absorption of 
ox\gen by a piece of rusting iron, and obtained the results shown in Fig 367, where 
the slope of the curve at anv grv en time measures the \ elocity of the reaction The 
attack is more rapid m the earl} stages of rusting , and as the time of exposure 
is more prolonged, the rate decreases and becomes more nearly proportional to 

the time Here, the metal was fairly pure, and 
the experimental conditions constant, but under 
working conditions, this is not the case, and, 
as emphasized by G Schumann, the problem is 
rather complex According to I D van Giessen, 
open, steel equalizing tanks m waterworks are 
subject to severe corrosive conditions, since the 
top layer of water rarely changes, there being but 
a smgle bottom connection , the effect is worst 
on the inside portion facing the south, as this 
receives the full heat of the sun, and is besides 
alternately wet and drv 0 Krohnke, and K Arndt found that cast iron at 
first corrodes as rapidly as steel, but afterwards it resists corrosion far better than 
the other metals This is in accord with general experience The following are 
K Arndt’s data * 
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G D Bengough and co- workers compared the rate of absorption of oxygen 
and the total corrosion of steel with a eoln of potassium chloride of different con- 
centrations, and the results are summarized in Fig 368 

% ater from mountain streams in showery districts was found by F J Rowan 16 
to be highly oxygenated, and to be particularly corrosive , and R Mallet made 
a similar observation with respect to the corrosive power of ram water E Heyn 
and 0 Bauer found that the relative corrosion of three plates of the same metal 
imm ersed m distilled water, in water in which a block of charcoal was suspended, 
and m water with powdered wood charcoal sprinkled on the s urfa ce, was respec- 
tivelv as 1(A) 68 20 The charcoal acted by reducing the supply of oxygen to 
tae metal According to J A N Friend, corrosion is not proportional to the area 
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of the exposed surface, because once corrosion has started, oxygen may be absorbed 
more rapidly than can be supplied to the metal by mere diffusion through the 
water , and the rate of corrosion will bear some relation to the exposed surface 
area of the metal, because the supply of oxygen to the metal is determined by the 
rate of diffusion of the oxygen, and this is determined by the area of the surface 
to which the oxygen has access Similarly, also a film of oil on the surface of water 
helps to reduce the supply of oxygen to the metal , the extent of the protection 
is determined by the rate at which the oil can absorb oxygen from the air, and 
deliver it to the water beneath R Mallet showed that thick iron plates corrode 
less rapidly than thin plates , and A S Cushman, that doubling the thickness of 
a plate usually more than doubles its life W H J Vernon observed that the 
rate of corrosion of copper was affected by the area but not by the thickness of 
the plates 

R Mallet showed that the depth to which an iron plate is imm ersed m still 
water will greatly influence its rate of corrosion, because once the oxygen m the 
vicinity of the plate is used up, the plate is dependent for further supplies on the 
rate at which oxygen can diffuse downwards from the surface , and this will be 
slower the greater the depth of the submerged iron E Heyn, and E Hera and 
0 Bauer also found tbe following losses due to corrosion with iron plates immersed 
m still water 


Time 8 

( 5 cm 0 0268 

Depth 28 cm 0 0244 

[50 cm 0 0206 


15 22 29 days 

0 0480 0 0731 0 0783 

0 0450 0 0628 0 0766 

0 0364 0 0606 0 0788 


As the time of exposure mcreases, the difference in the rates of corrosion at various 
depths becomes less marked This was attributed to the slow reduction of the 
rust by the iron at the lower depths Fe+Fe 2 0 3 — 3FeO, m accord with the fact 
that the proportion of ferrous oxide at the greater depths was larger In air, the 
partial press of the oxygen has little influence on the rate of corrosion, because 
the surface of the metal is bemg continually swept by fresh gas. The case is different 
in deep wells where the temp is more uniform, and the access of fresh air is more 
difficult The rate of corrosion of iron submerged in water is dependent on the 
solubility of the oxygen in water, and this is largely dependent on the partial 
press of the gas Hence, W H Walker and co workers found the following losses 
due to rusting of iron submerged m water with \ anable percentages of oxygen m 
the atmosphere above 


Oxygen 18 2 21 8 28 0 64 5 72 1 97 0 per cent 

Loss by conosion 0 018 0 021 0QU 0 057 0 064 0 086 


The action of oxygen on corrosion by water was discussed bv J W Shipley 
and co workers, F Todt, W G Whitman and co-workers, G Bresch, W van 
W Scholten, JND Heenan, U R Evans, W R Whitney, M Traube, E Heyn 
nnd co-workers, W H Walker and co workers, J Spennrath, V DuffeL, 
A L McAulay and F P Bowden, J Tillmans and co-workers, J W Cobb 
and G Dougill, J R Bayhs, JAN Friend, G N Huntley, G D Bengough 
and co-workers, and E Liebreich G Schikorr found that the rate of corrosion 
m water with the oxygen gas under press between 0 2 and 5 0 atm showed a 
maximum at about 1 atm press L E Jackson observed a rapid corrosion of iron 
m a refrigerator pl ant due to the high oxygen-content of the cold water 

When water is m motion, it will usually contain a high proportion of oxygen 
provided it is shallow, and the atmosphere has free access to its surface 
M B Jamieson found that the corrosion m street water-mains is proportional 
to the amount of water passing through them E Heyn and O Bauer found that 
a gentle flow of the water mcreases the corrosion 8 fold , but with still higher 
■velocities, the corrosion is less Thus 
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0 1470 grm 
3 >0 litres per In 
0 0377 grm 


J i N Friend emplo\edbtilllndie^\el< cities The following results were obt lined 
1>> exposing for 22 to 2~> hrs iron foil— 3 aO 5 sq cm m area, and approximateh 
035 grm m weignt — to water with a velocity T ft per hr , the lo^ m weight is 
expressed m mgrms per hour 
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It is assun ed thit + re *ebistanee to corrosion m water at a high \elocity is due 
to the water sweeping awa\ some catahst which assists the metal to corrode, 
and that W’tlout this catah&t the metal dissolves as postulated b} the ionic 
theon, wit n <uck a small \elocit> that it is almost passi\e The catalyst, said 

J A X hnend, is supposed to be the h> drosol 

t C c i — — — T — ry of ferrous oxide R F Passano and F R Nagley 

— ^ -r-4 y/L.\ studied the subject 

**>—*—- j Aston, R J McKa\, U R E\anti, and 

| r -~+ — . — - yC. H Endo and S Kanazawa showed that when 

^ lrou rustb under w *ter, the area to which ox\gen 

§ 0C *\— * - ^ ~~j — i r— 1 has the freer access becomes cathodic, and the 
^ 3 *' "* - 4 — areas shielded from oxygen become anodic The 

I v r » presence of dissolved owgen was shown by 

^ r ® Wie, J Aston TV D Bancroft, A 8 Cush 

§ * SZSLl man, H Endo and A Kanazawa, U R E\ans 

^ CUP**** 1 SO Xddjs M M Hall, K Inamura, H A D Jowett and 
FIG 3b9 --The Met U of Agitation E (Jouldmg R J McKa\ , R Mallet, J W Ship- 

iSS’tS^JSSSZ ^“V ®, a ,»d 

CL l onde P Russell, TV H TV alher and co-workers, 

and TV R TYhitne} — wdc swpra —to favour the 
corrosion of iron, and the rate of corrosion is favoured bv agitation as indicated 
^ ^ ^Cl with a soln at rest, and a soln aerated b\ stimng The results 
of H Endo and S Kanazawa with soln of \anous salts and acids expressed m 
terms of the ratio-corrosion ratio— of the losses in weight of a specimen when the 
soln is aerated by a current of oxy gen, and by a current of hydrogen. 

Concentrator It 1 If 0 05V nm\r nnn r 


, XaC 1 

|kci 

t< TfW UJ ’itio 

( KAO, 

K4%S<V 

BaClj 

Concentration 
Corrobior rat 


0 02M 
14 

1 b 
1 4 
1 b 
12 
1 b 
5 

14 1 
13 4 


0 5 per cent 


H Kudo and S Kanazawa, adopting the ionic hypothesis, assumed that the cor 
muon of the iron takes place m two stages First, a small quantity of the iron 
pwwste in o *oln an ferrous ion and an eqtmalent amount of h> drogen is deposited on 
Z ^ *' ™°tevlzr h\ drogen Fe+2H +20HVFe +20H'+H 2 , 

x * 2 7y{OH) 2 ^-H> Second, when ox} gen is introduced mto this system, 
-ilfinSh k -4 m f ,da " °^ed to feme hydroxide, 4Fe(OH) 2 b0 2 +2H 2 0 
" the ^locular h\ drogen is oxidized and so removed from the 

surface of tut iron 
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The corrosion of lion bv moving liquids was also examined bv E Heyn, 
G D Bengougli and R Mav , M Drapier, J A N Friend and to workers, *VV Beck 
M B Jamieson, J Tillmans and co workers, W R "V\ hitney , R P Russell and 
co workers, J N 1) Keenan, F N Speller uid V \ Kendall, 31 Straumani^, 
J F Thompson and R J McKay, R 3 MtKiv, and W G Whitman and co 
workers S S Cook studied water hammer corrosion, md attribute 1 it to the 
favourable influence of the motion of the metal surfaces , and C A Tomlinson, 
the corrosion of two, hard steel surfaces subjected to relative motion under load 
R Auerbach observed that differences in the rate of flow of an electrolyte may 
set up differences of potential on a surface of iron, and he studied the effect of the 
flow of the liquid in capillaries 

Iron corrodes most rapidly when it is alternated wet md drv — e q the water 
line of iron ships, bridge columns, etc 

R Mallet found that raising the temperature u, to i mnimum of 79 to 88° 
favours corrosion E Heyn and 0 Bauer found a mnum m at f>0 u m one case, 
and at 80° m another J \ N Friend md cowoihers 


E Ramann, I H Woolson, V I odin, A\ vmRijn, E Hevn 
and 0 Bauer, A Thiel and H Liukinann, 0 Bauer xnd 
co workers, G M Enos, J R Baylis, and F 3s Speller iho 
made observations on the subject The effect of temp is 
the resultant of two opposing influences There is, first, the 
acceleration of the speed of the reaction by a rise of temp , 
j^nd second, the retardation of the corrosion owing to the 
decreasing solubikty of oxygen, etc , in water with a rise of 
temp A maximum effect will therefore be obtained at 
some critical temp which, according to the observations of 
H Endo, Fig 370, occurs between 60° and 70° This agrees 
with the previous observation of E Heyn and 0 Bauer 



Fig 370 —The In 
fluence of Tempera 
tare on the Cor 
rosion of Iron 


The degree of corrosion in Fig 370, refers to results expressed in relation to the 


corrosion at 20° taken as unity The observed losses m weight m grams per 
sq cm during 30 days were 


20 30 40 50 ° 60 70 ° 80 90 ° 100 

Loss 100402 0 00605 0 00885 0 01209 0 01405 0 01612 0 01530 0 01410 0 00563 


C H Cribb and F W F Amaud, and JAN Friend found that the corrosion 
is less in darkness than m light, with disfcilled-water, tap-water, river-water, and 
soln of various compounds — magnesium chloride, sodium 
carbonate, hydrocarbonate, and hydroxide, and calcium 
hydroxide H E Armstrong suggested that the effect 
might be due to a difference m temp rather than to the 
action of light per se, but JAN Fnend found that | s 
light is still active when the effect of temp is e limin ated 
H Endo and co workers obtained the results su mm a r ized 
m Fig 371 During the exposure, 11 of the 50 davs 
were cloudy 0 Benedicks and R Sundberg observed J71 - The Influence 
that stainless steel is not quite so much attacked by i of Light on theRat< of 

soln of ferrous sulphate, m a photo cell, m light as it is Corrosion of Tron 
in darkness In general, however, light fav ours the cor 

rosion of metals The subject was discussed by H S Mien, G \thenasiu, 
R Audubert, W D Bancroft, W Beck, G D Bengough and O F Hudson, 
S S Bhatnagar and co workers, T W Case, W W Coblent/ and co-workers, 
H Endo, G M Enos, JAN Fnend and co-workers, 0 Halmel, M Kimuxa, 
A Leighton, J Nordensen, C C Palit and N R Dhar, W H J Vernon, and 
W P Wood According to W Beck, exposure to radium radiations reduces 
corrosion 

R H Games 17 emphasized the need for reckoning with certain bacterial 
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organisms as au mfluenit favourable to corrosion I he work of iron bacteria 

discussed by I) EUi^ R Grant and co workers, and C Tonarni The effect of 
sulphides due to the action of bacteria and other forms of life or organic matter on 
sulphates or decaying orgamc matter was studied by R Irvine, P Agostini, 
G D Bengough and R May, S H Ellis, A Molteni, and E V Smith and 
T G Thompson C Darwin showed that worms may excrete acidic fluids, 
B Schorler observed the same thing with respect to the Galhonella ferruginea , 
and A Moltem observ ed that the humic acid of decaying plants, and the acidic 
fluids exuded or excreted from some plants, earthworms, and micro organisms 
have a marked action on iron structures embedded m soils The subject was 
discussed bv R H Games, A Bevthien, 0 Adler, and E Raumer — mde infra , 
limomte 


W L Dudley 18 buried iron pipes in various kinds of soil and found the corrosion 
about half a« fast in the case of pipes conveying coal gas, as it was with pipes 
conveying no gas The corrosion of iron by coal gas is usually attributed to the 
presence of impurities — hydrocyanic acid, carbon disulphide, carbon dioxide 
and oxvgen JAN Friend noted that water saturated with coal-gas is about 
two-thirds as active as water alone m the attack on iron buried m moist soils, not 



Days 


Fig 372 — Corrosive Action of Moist Gases 


exceptionally acidic The subject 
was discussed by W Bertelsmann, 
A Bolzmger, H G Colman, 
W D Davidson, W E Dennison, 
F Firth, G M Gill, I Ginsberg, 
J T Haddock, T Holgate,H M Howe, 
W Leybold, J McLeod, G Masmg 
R V A Mills, L Monk, E Ott and 
F Hmden, J Parker, B R Parkin 
son, F H Rhodes and E B John- 
son, B Richardson, J Rollison, 
R H Rnthven, J G Tapia} and 
co-workers, OHS Tupholme, 
C E Williams, and R E Wilson 
In agreement with B Richardson, 
and C E Williams, J F G Hicks 
showed that the hydrocyanic acid 
plays a subsidiary part, for the moist 
oxygen and carbon dioxide initiate 


the corrosion The hydrocyanic acid 
accelerates the corrosive action, and it plays a most important part, as ib 
indicated b\ the curves. Fig 372, showing the rates of corrosion in the presence 
of moist gases The speed is greatest when hydrocyanic acid is present The 
Anal product cf the action m the case of coal-gas mams is prussian blue It is 
estimated that there is thub produced 10 tons of prussian blue per xnnum m the 
gas mains of Portland City No corrosion was observed with dry air, dry 
gen, or dry carbon dioxide 


The corrosion of iron buried in soils was discussed by F 0 Anderegg and 
R \ Aehatz, 1 * K Arndt, W Beck and K Jacobsohn, F L Bassett, F Be&ig, 
L G E Bignell, G Blancharfc,M J Blew, 0 Bauer and E Wetzel, J R Bradshaw, 
E A Cross A S Cushman, ROE Davies, I A Denison, W L Dudley, F Ensslm 
md F Buschendorf S Ewing, H 0 Forrest, M Freund, R H Gaines, A F Ganz, 
I D van Giessen J de Graaff, M Gutierres, F Haber and P Kr&ssa, 0 Haehnel, 
R B Harper, M Honoks and M Iwass, H D Holler, R Irvine, R Krzizan, 

R J Kuhn, C Lepierre, K H Logan, K. H Logan and co-workers, B McCollum 

and K H Logan, P Medmger, A Moltem, G Murdoch, V Nagreeff, M R Pugh, 
A Romwalter, R P Russell and W G Whitman, R H Ruthven, S G Sastry, 

J E Scbpper E H Schofield and L A Stenger, W B Schulte, G N Scott, 
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h H Shepard, I \\ Shiple) and to-worhus E S Simpson, Jb O Slater, 
\V N Smith and co-workers, W N Smith and J W Shiple} , 1) Spataro, 
F N Speller, L A Stenger, G Theim, W Wark C H Webb, A Weber, 
T R Wemlmger, and R E "Wilson 0 Bauer and E Wetzel observed that cast 
iron plates 10 X 2 5 x 2 cm , during 15 months 5 exposure lost 6 23 grins m distilled 
water , 7 61 grms m tap-water enriched with calcium sulphate , 10 38 grms m 
clav sat with distilled water , 10 20 grms m cla} sat with tap-water enriched 
with calcium sulphate , 5 62 grms in sand sat with distilled water , and b 36 
grms m sand sat with tap water enriched with calcium sulphate F Hanaman 
studied the rusting of iron buried in moist sand J R Wemlmger found that 
an iron gas pipe which had been m the ground for 25 years was m an excellent 
state of preservation For iron embedded m cement and concrete, tide wfra 

If stray electric currents from tramways, etc , can pass, the iron and soil act as 
electrodes decomposing moisture mto hydrogen and oxygen , and the latter at 
once attacks iron to form rust Consequently, iron embedded m concrete is not 
immune from attack V J Nicholas 20 found that the electrolytic corrosion of 
structural and reinforcing steel embedded m concrete takes place at the anode 
Even neat cement is no protection The cathode is not affected by oxidation 
Cement or concrete immersed in brine will crack when carrying an electric current 
to or from embedded steel Concrete conducts electneit} electrolytically and not 
like a metal, its electric resistance being an mverse function of the percentage of 
sand It is found that even 0 1 ampere continuously flowing is sufficient to cause 
the destructive results indicated The subject is of more direct interest to the 
electrical engineer It has been the subject of numerous papers 

H Hayden studied the effect of an alternating current on the electrolytic 
corrosion of iron m soln of salts of sodium, potassium, and ammonium, and in 
natural and artificial soils , and B McCollum and G H Ahlborn worked with 
plates immersed m a light clay soil kept moist with a 0 5 per cent soln of sodium 
carbonate A J Allmand and R H D Barklie observed that the superposition 
of alternating on a direct current mcreased the corrosion of iron m alkaline soln , 
and m sub-soil drainage liquor, saturated with carbon dioxide The presence of 
chlorides favoured corrosion usmg a direct current When an alternating current 
was employed, a change m the cone of the alkali m the electrolyte had no particular 
influence, but the lowering of the current frequency produced an mcreased corrosive 
effect, and it is probable that the discharge of H -ions during the cathodic impulse 
activates the iron by decreasing the oxygen content m the surface layer of metal 
The effect of alternating current superposed on direct current was a marked increase 
m corrosion, and where an anode remained passive either at direct current intensity 
of 0 125 amp per sq cm or at an alternating current intensity of 0 375 amp pear 
sq cm and 400 frequency, the anode became definitely yellow m two minutes 
under the combined effect A high alternating direct current ratio (more than 
two) was favourable to corrosion, as was also an increase m current density and low 
frequency 

The nature of rust — According to F N Speller, 21 films are formed on metals 
by passivating agents, and rust-resisting alloys, like high-chrome iron, and stainless 
steel probably owe their resistant qualities to the formation of stable films, so that 
the life of these metals is more directly dependent on the stability of the film than 
on the init ial tendency of the metal to corrode This self-protection is more fully 
developed with some metals than it is with others A Ackermann observed the 
rusting of small particles of iron, iron wire, and spongy iron under the microscope 
The forms taken up by the rust depend in the first place on the formation of feme 
hydroxide This colloidal substance assumes forms and passes through the forma- 
tion processes which are very like the forms and processes which occur in organized 
nature Non-ngid threads are formed which grow like organic fibres and which 
move and change their form when subjected to changes m the external c on d it ions 
for example, temperature Under certain conditions, cell-formation is exhibited. 
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which externally , it least, i* s im ilar to organic tell formation Drops of a solution 
of ferric hydroxide possess properties ■which are otherwise only found in organic 
cells The} exhibit a solid or semi solid enclosing semi permeable membrane or 
cell wall, an adhering colloidal laver and i nucleus Such drops grow, become 
broader, and di\idc in exact!} the * ime m inner is is observed m the division, of 
organized cells 

A very great number of anahse* of rust have been reported In anal>ses by 
W R Dunstan ind co workers of ru&ts collected from an iron apparatus rusted 
in the libora + or\ , and from an iron railing exposed for 30 }ears to air within 20 
yards of the sea the composition approximated to the limit Fe 2 0 3 H 2 0 , but 
there was about 0 2 per cent of ferrous carbonate present m the former case, and 
about 3 25 per cent of ferrous oxide m the latter case Both samples contained 
1 01 to 1 17 per cent of hvdrogen This all agrees with F Wohler’s observation 
that iron beneath a thin lav er of water forms hydrated feme oxide, but with a 
thicker liver of water, hv tinted ferrosic oxide is produced Here the transfer of 
oxygen from air to iron takes place more slowly and it is inferred that ferrous oxide 
or hv drated ferrous oxide is the first product of the action, and that this is oxidized to 
form hv drated ferr< oxide, which uniting with the unchanged ferrous oxide, 
forms hydrated ferrosic oxide, which, if formed at all, may be regarded as an inter- 
mediate st tge m the process of oxidation R Stumper, for example, found that a 
1 day old rust had 45 3 per cent FeO, a 5 dav old rust had 22 7 per cent FeO, 
and a 15 da} old rust had 9 5 per cent FeO He found for FeO Fe 2 0 3 H 2 0, 
1 2 to 20 2 to 30 FC Calvert observed rust containing 92 9 to 93 10 per cent 
Fe >0 3 , 5 8 to b 2 per cent FeO , 0 6 to 0 9 per cent FeC0 3 , 0 12 to 0 19 per cent 
Si0 2 , 0 295 per cent CaCO s , with traces of ammonia F M Stapff observed that 
the rust on some nails 2000 vears old, found in the mines of Mazarron m Murcia, 
Spam, consists of a mixture of limomte and magnetite G T Moody obtained the 
following results with half a dozen samples of rust collected from the unpamted 
interior of some iron flushing-tanks m common use 


he as Fe,0, 

55 73 

51 12 

64 60 

65 13 

68 89 

67 46 per cent 

Fe as FeO 

32 80 

36 57 

25 74 

25 66 

23 18 

24 40 

Fe as FeOO, 

1140 

12 31 

966 

9 21 

7 93 

8 14 


The proportion of calcium carbonate was inappreciable The proportion of ferrous 
oxide present m the rust appears to depend on its age, and on the permeability 
of the rust for oxygen A Liversidge found that rust always contained more or 
lees ferrosic oxide W Thomer, and P Longmuir observed that rust collected in 
railway tunnels had 0 3 to 4 2 per cent of sulphur expressed as H 2 S0 4 , and samples 
collected m the open had 08 to 5 5 per cent H 2 S0 4 E Wilson observed some 
ferrous sulphide on iron exposed to a London atmosphere E K Rideal found 
1 81 per cent of feme sulphate m samples collected m the open country, and 7 to 
9 per cent m samples collected from London railway stations 

R K&ttwmkel, and F Drexler found that the ultimate products of rust 
mg are usually y-FeO(OH) or Fe 3 0 4 F Drexler said that the formation of 
ct-FeO(OH) or y-FeO(OH) depends on the chemical nature of the nucleus about 
which the rust forms The physical structure of the rust depends on the structure 
of FeO(OH), and the colour is determined by the gram size This subject is 
dwcussed m connection with feme hydroxide, FeO(OH) According to G Schikorr, 
the mechanism of rusting may thus be explained m air free water a black film 
ih formed, Fe-f2H 2 O=Fe(0H)2 }-2H , m the absence of air a-FeO OH sol revets 
With iron to form Fe*0 4 or a green sol, FeO 0H+H=Fe(0H) 2 , the green sol 
reacts with the FeO OH to produce the green ferrite Fe(OH) 2 FeO OH, or with an 
excess to form FegO^ and final!} the latter is oxidized to y-FeO OH C Canus 
observed the presence of magnetite in rust produced by the corrosion of iron m 
acidified water, and dried at rodm temp , and y-FeO OH, m rust obtained 
m water with p*=5 5 to 6 5, and the X-ray spectral lines of y-FeO OH decrease 
in intensity with increasing alkalinity J Cates also identified rust with 
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y FeO(OH) J Huggett said that m the prolonged exposure of iron to aerated 
water, a mixture of magnetite and rust is first formed, and then lepidocrocite 
appears H 0 Forrest and co-workers found the composition of the rust film 
is dependent on the H -ion concentration of the liquid near the metal surface, 
and on the ionic concentration m the liquid film With oxy genated distilled water, 
the film is granular magnetic oxide, provided the diffusion of ions from the liquid 
film to the mam body of the soln proceeds slowly or non-umformlv, whereas 
with a uniform, rapid lomc diffusion, the film is mainly gelatinous h} drated feme 
oxide The formation of graphite during the attack by water, etc , on cast iron is 
discussed in connection with sea water — mde irfra E Eichter, and J Percy 
mentioned the presence of crystallized silicon in the residue from cast iron , and 
W A Tilden, iron silicide J 6 Donald observed that there is a loss of carbon 
during the rusting of pig-iron 

The effect of rust on the corrosion of iron and steel was discussed by E C McWane 
and H Y Carson, E L Chappell, and J Aston W S Patterson, and 
W H J Vernon observed that rust increased the speed of corrosion of iron, 
and that a certain critical humidity of the atmosphere must be exceeded before 
the acceleration occurs J C Hudson did not find an abnormal change in the 
deliquescence of rust at some critical humidity, possibly, said W H J Vernon, 
because the samples used by J C Hudson had already passed through the 
critical stage W S Patterson and L Hebbs, however, did observe a critical 
stage with rust scraped from the metal The microscopic structure of rust was 
investigated by A Ackermann E A Hadfield observed no deterioration in the 
tensile strength of mild steel, and wrought iron after bemg immersed m sea- water 
for five years 

The by-products of rusting — The production of hydrocarbons was discussed 
m connection with the carbides — 5 39, 20 Eeports on the formation of ammonia 
during the rusting of iron, by A Chevallier, etc , are discussed m 8 49, 15 , but 
E Mallet said that too much stress cannot be laid on the alleged reports because 
rust, m common with other porous bodies, greedily absorbs ammonia and many other 
gaseous substances from the atmosphere — mde infra, the action of soln of ammonium 
nitrate U E Evans said that the true expansion m rust formation cannot be 
calculated from the sp gr of the components, but it is certain that a considerable 
expansion force is exerted when iron changes into rust He discussed the apparent 
vol of rust sludges , and A Ackermann, colloidal rusts 

T Fujihara found that the uncorroded iron outside a drop of water on a polished 
surface of iron is protected by a film of ferrous hydroxide — vide Fig 364 The 
product of the action is protective The more rapid the initial corrosion, the less 
the final effect The formation of protective films in the rusting and corrosion of 
metals was studied by W 6 Whitman and co-workers, V Kohlschutter and 
E Krahenbuhl,F N Speller, W D Bancroft, G E White, C H Desch, J Breach, 
W H J Vernon, U R Evans, E M Enos and E J Anderson, J E Bayba, and 
E L Chappell 

C F Schonbem 22 observed that hydrogen dioxide is formed when non amalgam 
is shaken with water, and this was confirmed by M Traube, and H Wieland and 
W Franke The mayimnm amount is formed in about a minute It is assumed 
that the reaction proceeds in accord with the scheme F e 4-2H 2 0 =Fe( 0 H) 2 +H 2 , 
followed by 4Fe(0H) 2 +0 2 =2(Fe 2 0s H 2 0)+2H 2 0, with hydrogen dioxide an inter 
mediate product resulting from the action of bivalent iron and molecular oxygen 
Fe+02+2H 2 0=Fe(0H) 2 +H 2 02 The cycle of reactions is completed by 
Fe+H 2 0 2 ==Fe(0H) 2 , and 2Fe(0H) 2 -^H 2 0 2 : =Fe 2 0g H 2 0-f-2H 2 0 W Palmaer 
said that the formation of hydrogen dioxide m the rusting of iron is due to a side 
reaction, not an essential part of the process E Pietsch and co-workers discussed 
the subject No hydrogen dioxide fs lormed m acidic soln , but m alkaline soln 
the amount formed increases with the value, % e with cone of the OH'-ions 
The production does not depend on the occluded hydrogen of the amalgam, 
\ oir xm 2 f 
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ferrous livdroxide is first produced, and this is further oxidized more slowly than 
the metal The presence of h\droc\ amc acid retards the autoxidation , and the 
velocity of oxidation is about ten times as fa^t m the presence of leucine as it is in 
water The acceleration depends on the cone of f he amino acid Glycine, alanine, 
and isparagme ait similarly Salts hhe sodium sulphate or copper sulphate 
accelervte the autoxidation of iron The oxidation is inhibited if the iron, be 
rendered passive by treatment with potassium hydroxide, femcvamde, chromate, 
or permangmate The presence of hvdrogen acceptors like qumone, methvlene 
blue, ethvl peroxide, and dithiod’glv collie acid, causes iron to rust m the presence 
of purified water m an atm of nitroger The presence of sodium or copper sulphate 
accelerates the action of qumone 

According to a modification of M Traube s scheme of oxidation, by 
\V R Dunstan and co workers, hydrogen dioxide is formed as an intermediate 
stage m the rusting of iron Fe^H 2 0=Fe0-rH 2 and 2H+0 2 ~H 2 0 2 , followed 
by 2Fe0-^H 2 0 2 =Fe 2 02(0H)>(ni^) Two mols of dioxide are supposed to be 
formed bv the oxidation of 2 atoms of iron to ferrous oxide, and only 1 mol of 
hydrogen dioxide is required to oxidize the ferrous oxide to rust The excess of 
hydrogen dioxide is now supposed to oxidize the uncorroded iron Fe+H 2 0 2 
=Fe0- 3 ~H 2 0, and 2FeO~ H 2 0 2 =Fe 2 0j0H) 2 The mhibitorv action of alkalies 
and chromic acid is attributed to their power of decomposing hydrogen dioxide 
W R Dunstan and co worker^ said that the failure to detect hydrogen dioxide m 
the oxidition of iron, when its presence could be detected m the case of all other 
metals which were tried, does not exclude the possibility of its momentary forma 
tion- ude supra , for H E Armstrong s modification of this theory F Haber 
and co workers, and ^ Andstrom also fayoured this hypothesis, but agamst the 
hvdrogen dioxide theon of corrosion G T Moody argued that a dil soln of 
hydrogen dioxide doe& not attack iron, but is catalytically decomposed by that 
metal "ft R Dunstan and co workers must hav e used impure hydrogen dioxide 
L J Thenard observed that the metal has no action on eau oxygene 0 and 
A Donv could not detect anv traces of hvdrogen dioxide, even though, according 
to the theorv, twice as much is produced during the initial oxidation of the iron 
to form ferrous oxide ab is required to convert the latter into rust G T Moodv 
showed that substances which de&trov hvdrogen dioxide do not necessarily inhibit 
the rusting of iron —eg potassium iodide , and E Divers said that substances 
which destroy hvdrogen dioxide need not necessarily prevent its formation — 
t q ferrous oulphate rapidly destroys chlorine, but does not prevent the formation 
of chlorine from manganese dioxide and hydrochloric acid W D Bancroft 
reported that m alkaline soln hvdrogen dioxide is decomposed by iron 

H\hen iron has once begun to rust, the subsequent progress of the disease 
proceeds more quickly even though the temp be above the dew-point, and under 
conditions where bnght iron would remain unaffected for an indefinitely long time 
F Kuhlmann 23 suggested that the rust acted catalytically as an oxygen carrier 
w ■r ' 0n ^ ^ K 'Wagner, A C Brown, JAN Fnend, and 

H Bauerman favour the hypothesis that rust is very porous, and hygroscopic, 
and it become^ charged with liquid water which fills its pores and evaporates verv 
slowly Henct, corrosion can occur m a damp atmosphere under conditions where 
bright iron w ould not be affected J Aston showed that wet rust is anodic to bare 
iron, whilst drv rust is cathodic wet rust has a high electrical resistance A 
compact layer of fired rust thus tends to protect the metal below, but favours anodic 
attack in the iron immediatelv around , while floccnlent, wet rust favours the 
corrosion of the metal immediateh below This it does by shielding the affected 
°syg«i, and rendering it anodic, so that corrosion is confined to a 
runted area the surrounding part is cathodic and hence does not rust — vide supra y 
J A*ton According to R J SlcKav , the rust accelerates the action m two ways 
(j) oxygen is removed bv its reaction with ferrous hydroxide , and (u) iron is 
removed bv precipitation which would retard the reaction and set up a counter 
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emf in the oxygen concentration ceil J Afiton also showed that tne anodic 
efiect produced by wet rust is obtained with ctner colloidal hydroxides — tide 
infra , colloids 

J \ \ Friend suggested a modification o* F Kuhimann a hypothec s m tnat 
he considered that the action of rust in promoting urthei rn>tmg may be due to 
the presence of the hy drosol of iron which actb as an owgen carrier as it passes 
alternated between the ferrous and feme state> Hence tiie modified hypothesis 
is called the colloidal theory of corrosion The hypothesis is represented 

^chematicalh 


2Fe- r 2Fe < ,0 3 4q ^Aq =4FeO Aq ^-r2FeOAq 

f —A'r —Air 

1 * 

— -+-ZFe 2 O z Aq 

Those salts winch fa\ our rustmg are supposed to peptize tlie colloid, and these wlm.ii 
inhibit rustmg— eg chromates— are supposed to flocculate tne coiloni Against 
this, U R Evans said that chromates ado stop tin corros,on of otliei metals— 
e q magnesium— which exist m only one state of oxidation , and \\ (f "Whitman 
and co-workers showed that the effects of salts on the rate of corrosion do not 
\ar\ concomitantly with the stability of colloidal iron hydroxide "While 
JAN Fnend said that the destruction of the colloidal iron hydroxide b\ cl lomates 
leases the iron passive, U R Evans considers tint the chromate acts In putting 
a protective film on the anodic portions of the iron and so stop& the attack 
B Lambert and J C Thomson’s work makes it \ er} doubtful if iron hydroxide 1 * 
needed to start the corrosion, although once started, the presence of the colloidal 
hydroxide may accelerate the corrosion The action of electrolytes on the coagula 
tion of the hydrosol is said to resemble their action on the rustmg of iron both as 
regards concentration, and temp , the retarding influence of alcohol i& attributed 
to its dehydrating action on the colloidal feme hydroxide , the inhibitory action 
of arsemous acid or its salts — observed by L Lrndet, G N Huntly , etc -is 
attributed to the adsorption of arsenic trioxide by the colloidal feme hydroxide, 
which prevents it taking part in the sequence of changes just mentioned Exposure 
to radium rays retards corrosion by coagulating the h\ drosol of feme hydroxide 
G Sclnkorr pointed out ( 1 ) that the alleged similantv between the action of 
electrolytes on the coagulation of the hydrosol of feme oxide and the corrosion 
of iron does not obtain because in the range of lower concentrations, where the 
differences in the coagulating action of electrolytes is most marked, there is no 
corresponding agreement m the rustmg process (n) The basic assumption 
Fe0 S0 i+Air=Fe 2 0 3bO i is not confirmed by observation, for under the action, of air, 
the FeOfeoi ^ flocculated as a higher oxide (m) The fact that there is maximum 
corrosion for medium speeds of flow — for the speed of rustmg increases to a maxi- 
mum value m the neighbourhood of 1 atm as the oxygen press rises — is satis- 
factorily explamed by other theories but not so by the colloidal theory The 
colloid theory was discussed by W Beck, W Beck and F von Hessert, G Schikorr, 
T N Morris, G D Bengough, G D Bengough and J M Stuart, J M Stuart 
U R E%ans S G Sastry J K Wood, J A N Friend and co workers, "W J Huff, 
N Isgarischer and S Berkmann, and W D Bancroft 

As shown by J C Thresh,- 4 W R G Atkins, W "W emtraud, and many others, 
natural waters from peaty districts contain several organic acids derived from decay - 
mg vegetation, etc Water from mining areas may contam sulphuric aud (q % ) , 
and the water 6f canals and rivers m industrial areas may contam acids and salts 
derived from discharges of waste liquors The destructi\ e qualities of water are 
m many cases related to their acidity which is usually represented in terms of the 
H -ion concentration R E Wilson, and F N Speller classified waters, arbitrarily, 
m terms of their acidity Acxdxc t caters ha\ e their H ion cone , below 4 3, and 
they rapidlv corrode the iron with the evolution of hy drogen e\ en m the absence of 
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the depolarizer o\) gen , neutral uaters hav e a value for p& between 4 3 and 10, and 
the} cause rusting m the presence of oxvgen , and alkaline waters have a ps-value 
o\ er 10, the\ usuallv act slowlv on metals and if the protective film is broken down, 
as might occur if chlorides are present, local attack ma> occur According 
to W G Whitman and co workers, there is \ close relation between the acidity* 
or H -ion concentration, of the water and the rate at which it can corrode iron 
The eurv es m Fig 373 refer to water flowing at the rate of 3 ms per sec , A refers to 
w ater with 5 c c of oxv gen per litre, and B, to water with 1 c c per litre The results 
show that with both acidic and alkaline soln the corrosion vanes with p H , hut 
there is an intermediate range of p B values where the rate of corrosion is indepen- 
dent of the aciditv, and is represented m the diagram by the vertical portion of the 
curves As the proportion o* oxvgen m the water is reduced, the vertical portion 
of the curve is reduced, until finalh, when no oxygen is present, the velocity falls 
off continuous as the aciditv decrease* This is illustrated b} Fig 374, due to 
J W r Shiplev and I R McHaffie With water flowing m pipes, the proportion of 
dissoh ed oxvgen ir the water in contact with the metal mav become small, so that, 


-2 



% net rat or cr 1 eg- scale 
rc^es pc r yea* 



Days needed to generate the 
same volume of hydrogen 


Fig 373 — The Effect of the Acidit\ 
of Solutions on the V elocitj of Cor 
rosion (Oxygen present) 


Fig 374 — The Effect of the Acidity 
of Solutions on the Velocit\ of Cor 
rosion (Oxygen absent) 


av J R Basils showed, corrosion can be controlled by regulating the p H -value of 
the water, for, m the absence of oxvgen the speed of attack falls continuously with 
increasing values of p H 

According to J W Slhple} and co-workers, iron dissolves m purified water, 
freed from carbon dioxide, when the p H -value attains 9 4, but not so with higher 
v dues Ordinary purified water has a p H -v alue ot 7 0 m virtue of the reaction 
H 2 CM*H —OH' If OH' ’oils eq to 1CM 6 mols per litre be added, the value 
p H “=9 1 is attained ard this is near the concentration of (OH)'-ions which reddens 
pherolphthalem It is inferred b\ J F G Hicks that the primary cause of corrosion 
is +he dissolution of iron m water, and that this occurs before any chemical action 
starts Metallic iron dissoh es m an adherent film of water until the resulting soln 
of ferrous hv droxide has a v alue p H = 9 4 , the presence of oxy gen insures a maximum 
emf and act* as an accelerator for the svstem Fetohd^Fegoin +2HOIM 
FefOHj^-^Ho The oxvgen removes the ferrous hydroxide by oxidization to less 
soluble ferric h} droxide, and the hv drogen is also removed b) oxidation or depolari- 
zation The presence of carbon dioxide remov es ferrous h} droxide hy converting 
it to lebfe soluble carbonate, and it forms carbonic acid, the H ion of which favours 
corrosion Indeed, so long as any agent is present capable of removing ferrous 
hydroxide and hvdiogen with sufficient rapidity to prevent the saturation of the 
adherent water, with respect to ferrous hydroxide and hydrogen, corrosion will 
occur R G'rard found that the H ion potential at which corrosion commences 
is greater with weak acids than it is with strong acids , a film of iron hydroxide 
appears m acicbc «oln when the H-ion potential is 35 OBJ Fraser and 
to- workers found the maximum in the H -ion concentration curve corresponds with 
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the maximum rate of corrosion in sulphuric acid of different concentrations 
J R Baylis observed that m no case of water corrosion was a concentration of 
3 p p m (parts per mi l li on) of dissolved iron found in a soln free from oxvgen in 
which px was between 8 and 9 Soluble iron in water with an excess of dissolved 
oxygen is oxidized fastei when px=9 0 than when 0 With a concentration 
of 50 p p m , at _pn— 8 0 less than 0 1 p p m of soluble iron dissolves m the absence 
of oxygen , about 10 ppm when ps=7 5 , and about 4 p p m when pn~7 0 
'With px less than 7 0 the proportion of soluble iron increases rapidlv 

Tlie effect of the H concentration of water on corrosion etc was discussed bv 


W R G Atkins, 1 R Bubs, \V Blum, V II Clark, S Gottlieb, R b Greenfield 
and G 0 Biker, R E Hall anti A R Mumford, F Hannan, V 1) Hatfield, 
J 4 Hevmann and A Massink, E Imbeaux, I SI Kolthoff, E Nanmann, 
W Olszewskv, S Rachwal, J T Saunders, J W Shipley and co workers, K Sonden, 
H T Stern, H Thiesmg, T Tillmans, and W G Whitman and co workers , the 
effect of acids, and mine waters on the corrosion of iron, bv 0 Bauer, C F Burgess 
and S E Engle, F C Calvert and R Johnson, R Gans and co workers, E Heyn 
and 0 Bauer, A Ledebur, G Lunge, R J McKav, M T Murrav , W D Richardson, 
A Thiel, K Wagemann, and W G 'Whitman and R P Russell , and the effect of 
soln of alkalies, by J H Andrew, F Auerbach and H Pick,R Baumann, C H Cnbb 
andF W F Arnaud, P W Evans, A Frv, G W Fuller, I D van Giesen,P Krassa, 
H Knegsherm, G Lunge, W Nover and D Splittgerber, S W Parr and co workers, 
F N Speller and co-workers, D Splittgerber, T Steel, C E Stromever, A Thiel, 
A Vogel, M Werner, R S Williams and V 0 Homerberg, and R E "Wilson 
R Varet discussed the action of salts dissolved in organic solvents on the metals 
R E Wilson said that ( 1 ) Strongly alkaline waters have 10 and upwards 
and the H -ion concentration plays here a minor part for protective films are formed 
on the metal , (u) Feebly alkaline natural waters have 5 to 4 The H ion 
concentration is not here of importance 
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because the rate of attack depends on the j 0 009 — pi j — ; — j — 1 1 t 

concentration of the oxygen in soln and § 0008— \ — i — < j 1 j j 

the rate of diffusion of the products of the ^ 0 007 \ 4 — 1 J 1 1 I | r + ~| 

reaction , and (in) Acidic waters with px—^ Ig M pi [ ^ ~ 

downwards The overvoltage of hydrogen, J ^ ( ( t j * j/| 

the concentration of the H -ions, and the rmr i * ■ 1" -J 

nature of the local galvanic elements are of ■|'| j * ( . 

importance W G Whitman and co J" 000! \l^O t \ " t 
workers represented the effect of variations ^ ■ ■ ’ 1 - LfS&SSL * — . 

m the H -ions concentration on iron at 22° # & * * 

and 40°, by the curves in Fig 375 „ d 

J F Outturn pointed out that the cor- Influenoe of H i<m Con 

- ^ \ centration on the Corrosion of Iron 

rosion of iron m air will vary with the px~ 

value of the soln He assumed that ordinary iron is passive, and active iron is the 
result of a chemical reaction — vide infra , passivitv (1) In alkaline soln where the 
value of p^ ranges from 9 0 to 12 0, the iron dissolves as (a) Fe-f-2H 2 0->Fe0 2 
+4H +4©, and a ferrate is formed in soln as the higher oxide dissolves , where 
oxygen is not available (6) Fe0 2 +3H +2©->Fe(OH) +H 2 0, and where oxygen is 
available (c) Fe+3H 2 0-»Fe<y + 6H +4© On account of the reaction (d) Fe(OH) 
+i0 2 ~>Fe0 2 +H , there is a tendency for the formation of the electrode (6) over 
the whole surface , but the reaction (d) can establish a state of equilibrium with (6) 
leaving (c) to operate where tne concentration of oxygen is greatest Under these 
conditions, with some other secondary but related reactions, little corrosion occurs , 
the ini tial rate of corrosion is about the same as in neutral soln , and the rate of 


corrosion rapidly falls to zero, or m extreme cases produces pitting (2) V hen the 
j?H-value lies between 6 0 and 9 0, the iron readily corrodes , the higher oxide 
dissolves to form a ferrate As in the preceding case, the differential effect of 
reaction (d) produces an electrolytic cell, w ith (c) as anode and (b) as cathode There 
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is sufficient polarization at the catliode to cause tlie reaction (c) F e >F e(OH j 
-i-H -2 0 to be established and the potential is then reversed to produce a corrosion 
cell m which {c) is the cathode, and (e), the anode This cell produces the inter 
mittent direct current of corrosion The ferrate is replenished on the surface of the 
cathode bv the diffusion of the hv droxvferrous ions, and oxidation proceeds in 
accord with (d > t nder the^e conditions, with other secondary but related reactions, 
oxidizing agents reduce the rate of corrosion a low-frequence alternating current 
superposed on i direct current favours the anodic corrosion of iron, differential 
aeration effects are marked owgen is used m the process of corrosion , and the 
H>ln is made alk dine m the corrosion process up to pn —9 0 ( I) In soln where the 

v ilut of p H hts between 4 0 ana 6 0, iron corrodes rather more quickly than when 
p H lies between b 0 and 9 0 The higher o\ide n> produced, and being but slightl) 
soluble "oon saturates the soln Owing to reaction (d) a polarization cell with anode 
(a) and cathode (6) is produced , and when the h> droxvferrous electrode is estab 
hshed, the potential is ret er«ed and a corrosion cell is established with cathode (a), 
and anode (e) is established But the electrode (/) H 2 ->2H +2© is estabbshed and 
another corrosion cell is established with anode (e) and cathode (/) In this range 
of p H ta^es the potential of the first cell is small, and the potential of the second 
cell is +he greater Consequently, more corrosion is produced by the second cell 
The hvorogen produced at the cathode of the second cell is oxidized with necessary 
difficult} as the p H ~\ alue of the soln decreases, and on account of the mcreasmg 
stabiht\ of the ferrous ions, the oxygen does not have so great a tendency to react 
with ferrous iron to produce feme oxide In this case, oxidizing agents slightl} 
mcreast the rate of corrosion, hydrogen begins to be ev oh ed when p H lies between 
1 0 and 5 0, dependent on the nature of the metal , and general corrosion occurs 
rather then pitting (4) With soln having p H between 1 0 and 4 0, iron corrodes 
rapidh and with a greath mcreasmg rate as the value of p H diminishes The 
difference l>etwten tins ta<*e and the preceding one is that the potential of the cell 
with (e) as anode and (/) as cathode and that of the cell with (e) as anode and (a) 
as cathode continually increases as the \alue of p H decreases Here the rate of 
corrosion is greater than is the case with other values of p H , hvdrogen gas is 
ev ohed and ferrous ions attain a high concentration in the soln 

J W Shipley and co workers found that m the absence of oxygen, the rate of 
corrosion is proportional to the negative pa-v alue of the soln to p H =9 4 , and no 
hvdrogen is evolved with soln more alkaline than p H = 9 4 The potential of the 
cell Fe J it H < H> should be proportional to the H ion cone until p H =9 0 , and 
m more alkaune soln , the potential should be independent of the H -ion cone , and 
should be of the order 0 lb volt The potentials calculated for slightly acid soln 
art greater than thev should be to account for the slow dissolution of iron 
J F Outturn assumes that the first action of iron is to produce a higher oxide- 
ttde infra, passivity— and that as a result of other reactions the final corrosion cell 
is Fe—HO -H->ie(OH) — H 2 , which has an emf approaching zero when 
Ph= 9 0, and this agrees with the results of J W Shipley and co workers 

In the corrosion at a water air surface in soln with ph loss t ha n 9 0, there is 
estabbshed an electrolytic cell in which (a) in the surface is anode, and (c), some 
equivalent electrode, is the cathode The decreased polarity of the surfaces 
establishes the anode (a) in the surface film The fact that the anodic potential 
of this electrode is greater than that of any other iron electrode m air accounts 
for the fact that surface corrosion is very important In more a lkalin e solutions 
the boundary potential between the surface film and the mam body of the soln 
is built up until little surface corrosion occurs m these solutions 

The action of salt and other solutions on corrosion* — The presence of salts m 
water in contact with iron mav have a marked influence on the rate of corrosion 
Numerous ob^erv at ions have been made on the action of soln of various salts on 
iron The results with salts of the heavy metals, and ammonium salts, as well 
as of salts of the oxv acids etc , have been indicated m connection with the 
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chemical properties of iron Effects with n»me woiunon *alts wire reported, as 
follow 

Potassium fluoride A \\ Chapman-' Sodium ckloi dt ~R Adie, 0 Bauer 
and co workers, W S Dudley, H Endo, J A. X Friend and < o worker^ U E E\ans 
and T P Hoar, E H Games, F Haber an<l F Goldschmidt K Inamura, 
S Micewicz M Mugdan,\ K Per^chke *ndG I T-chufaror**, \ Thiel and H Luck- 
mann, and A Wagner The effect of pressure on the result 5 w is stud'ed h\ 0 Bauer 
and co woikers, E Berl and F \ on Tuck and TAX Frieid Potass am chloride 
- H Endo, k Inamura, 8 Micewicz I R h ins and T P Huir aid A Wagner 
hnmomum chloride- E Heui md 0 Bauei f T Xance aid A. Wagner— tide 
supra, the chemical properties of iron Potassium iodide— E Putsch and 
to workers Sodium sulphate O Bluer and to workers, E Berl and F \ on Taack, 
H Endo, JAN Friend and co w orkei s E He\ n and 0 Bauer K Inamura, 
U E Evans and T P Hoar, A Thiel and H Luckmann, and A Wagner Potassium 
sulphate — H Endo, JAN Friend and co-workers E Hevn and 0 Bauer, 
K Inamura, and A Wagner Potassium aluminium sulphate — H Endo Am- 
monium sulphate — E Hevn and 0 Bauer, and A dHeureu^e — ude supra , the 
chemical properties of iron Sodium nitrate — H Endo, JAN Friend and co 
workers, and E He>n and 0 Bauer Potassium nitrate — H Endo Ammonium 
nitrate— wde supra , the chemical properties of iron Sodium and potassium car- 
bonates — E Adie, E Bosshard and E Pfenninger, C H Cnbb and F W F Amaud, 
JAN Friend and co workers, E He’s n and 0 Bluer, C F Hickethier, A Wagner, 
and F Westhoff Sodium phosphate — W E Dunstan and co workers, H Endo, 
E Heyn and 0 Bauer, and A Kreffcmg , and the effect oi pressure, by E Berl 
and F von Taack Calcium chloride- E Girard, E He\n and 0 Bauer, 
C F Hickethier, P Medmger S Micewicz, W Palmaer, and G Zelger Barium 
chloride — H Endo, JAN Friend and co workers, E He\n and 0 Bauer, and 
V Zemlyamtzum and P Dobro\olskv Calcium nitrate — W \aubel Mag 
nesium chloride — 0 Bauer md co workers, E Bosshard and R Pfenninger, 
W E Bradbur\ , H Endo, F Fischer, F Halla, E Heyn and 0 Bauer, 
8 Micewicz, H Ost, J Pfeifer, A Wagner, and P West , the effect of pressure, b> 
E Berl and F von Taack Magnesium sulphate -JAN Friend and co workers, 
and E Heyn, and 0 Bauer 

As observed by G Wetzler, M M Hall, and A Payen, iron may be kept 
an indefinitely long time m soln of potassium, sodium, or an alkaline earth 
hydroxides, or in aq ammonia without corrosion, provided the concentration of 
the solvent be large enough, and iron is corroded m sat soln of potassium 
nitrate or sulphate more slowly than in water, owing it was assumed, to the 
liquid dissolving less air than in the case of water alone A J Hale and 
H S Foster found that the action of 0 2A-soln of the following salts on wrought 
iron and cast iron, between 17° and 20°, per sq dm of metal, was represented bv 
the following losses in 7 days using half a litre of soln per day 


0 2N soln 
rj i OTTO j Cast iron 
^ (Wrought iron 
7 a*™ /Cast iron 
^ \Wrought iron 


MgCl 

NaOH 

CaCl 

NaCl 

NH 4 OH 

Na s CO< 

0 85“ 

000 

0 20 

0 10 

000 

000 

0 85 

000 

0 30 

0 23 

0 00 

000 

0 45 

0 00 

0 17 

0 32 

0 18 

000 

0 41 

000 

0 26 

0 24 

000 

000 


According to L McCulloch, of a number of small particles of electrolytic iron 
isolated from one another, only a certain proportion will rust in the presence of 
air, moisture, and sodium chloride The smaller the particles, the greater the pro- 
portion which is “ passive,” but if the particles are in contact with one another 
they all rust Agam, m a soln of ammonia and ammonium chloride pieces of soft 
iron may either dissolve readily or remain unattacked “ Passivity 9 m this soln 
is produced by heating until temper colours appear, or often merely b} cleaning with 
coarse emery and exposing to the air The metal is actuated b> contact with 
zinc or active iron in the soln or by cathodic treatment at a sufficiently negative 
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Maass and W Wiederholt, R Mallet 
Medinger, A E Menke W Menzel 
T Moody, M Mugdan, J T Nance, 


potential An\ of thebe activating agencies tv ill also cause mill scale or ferrous 
oxide to dissolv e m this soln , so that the observed passivity of iron is ascribed to a 
superficial oxide film 

At the beg innin g of our era. Him, in his Hisioria naiuiah 6 (31 19) mentioned the 
corrosion of iron bv the waters of a river in Thessaly , and numerous observations have 

smce been made on the corrosive action of soln 

8 — — , of different salts, and of mineral waters on 

i — I — , — , — , — f ± _J — i — < — r— J iron — e g by E Berl and F von Taaek 

7 . , . . . , rt- 1 - — * — t H G Benhara, H E Bellamy, B Lewis 

, f) / \ , , 1 and G b Irving, IT R Evans R Adie, 

a \1 \ i l V K Perschke and G I Tbchufaroff P luei 

I bach and H Pick, W D_ Bancroft, W M Ban 
| [ | q ’ i 1 H andR W Savidge O Bauer and co w orkers 

5 — — - — 1 — I '" fy- ’ i — | — — i — K Inamura H Baucke C F Burgess and 

I — — — 4 — , — j — * ]— 4— | — * — S G Engle R Girard C G Fink and CM De 

S 4 1 — j — — I — ! — I — ^ ; * — croly K Konopicky,M Scheelhasse G D Ben 

V \ . ? . I . ife.fo ' --1 gough and co workers F C Calvert and co 

-g ? . ! , | workers, C H Cribb and F W F Amaud, 

6 •* j \ j j A S Cushman, G K Davis J B Dodds 

“ 1 1 I r j ' * “j \\ ! 1 W R Duns tan, F Fdrster, W A Fowler, 

2 — j — | — ' — * — ' — | — r “j — — i — JAN Friend and co workers, A Frj, 

i — , — i — * — j — — | — j--* — [-4 —1 j — A F Ganz, B Garre, J Grossmann, H C Haak, 

/I — * — j — ! — t 1 — i-L — j — A A J Hale and H S Foster M M Hall, 

1 ' I | 1 I j V I E S Hedges M Heegewaldt, E Heyn E Heyn 

0 ■ 1 . . i ! . i N-fe , 1 and O Bauer, 0 F Hunziker and co workers, 

-6 -5 -4 -3 -2 -/ 0 +/ K Inamura, G Jungs t F KOrber and A Pomp, 

Logarithm of concentration A Kreftmg, O KrOhnke, O Lasche and 

Fio 376 — Corrosive Action of Solutions J S eser> A Dedebur, L Lmdet, G Lunge 
of Potassium Ferrocyamde, and Alkali ® Maass and W Wiederholt, R Mallet 
Carbonates P Medinger, A E Menke W Menzel 

G T Moody, M Mugdan, J T Nance, 
S W Parr and F G Straub, W Peters, P Petit, J Persoz R Pfennmger, D Phillips, 
A Pomp, P N Raikow, W Ransom, W D Richardson, H Rinne, J K Roberts and 
co workers P Rohland, F J Rowan, E Schulz, J B Senderens, R Stumper K Taussig, 

A Thiel and H Luekmann, W Thomson, 

0 0S8\ j t M Usener, M Vogt, J H Vogel, A Wag 

_ . . I , ner, W G Whitman and R P Russell, 

00 s *—' — j etc 

0C50 ‘"*1 j o 'lhfJh.HPO. I U R Evans represented the speed 

of corrosion, dxjdt, for dll soln , by 
dx/dt—kxiCQ—k^x)^ where ki and k % 
axe constants , C 0 = the initial concen 
tration of the electrolyte, and x , a mea 
sure of the corrosion JAN Friend 
found that for a concentration, m, of 
the salt, the rate of corrosion, 0 , is re 
lated to the solubility of oxygen, jS , 
and to the rate of dissolution of oxygen, 
by Cpi—fimRjn 

H Endo’s observations on the 
corrosive effect of salt soln containing 
0 1 mol per litre are summarized in 
Fig 377 The armco iron mO 1 M soln 
of potassium chromate, dichromate, 
perchlorate, and permanganate was 
80 days bright and free from rust during 3 yrs ’ 

Fio 377 —The Action of Salt Solutions on exposure , m other soln , the corrosion 
the Corrosion of Armco Iron increased proportionally with the time 

With soln of sodium hydrophosphate, 
and potash alum, the corrosion was rapid at first, and then gradual, and finally, 
as the surface of the iron became coated with a filmj corrosion ceased 

In 1845, R Adie discovered that sat soln of potassium or sodium ferrocyamde, 





80 days 

Fio 377 — The Action of Salt Solutions on 
the Corrosion of Armco Iron 
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femcyamde, c\amdt, carbonate, perchlorate, and permanganate help to resist 
corrosion K Inamura showed that the corrosion with salt sola — potassium and 
sodium chlorides and sulphates — increases 'with increasing concentrations below 
0 13/ H Endo also studied the influence of the concentration and found for 
sodium and potassium chlorides, and sulphate the following losses in grams per 
sq cm and the corrosion ratios — that is, the ratio of the loss m weight o* iron in 
the salt soln to its loss m distilled water 
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There is thus a maximum in the curves where the corrosion is greatest, and larger 
than that of water , the corrosion then diminishes to less then the value for water , 
and there is a particular concentration of the salt soln where the \alue is the 
same as that of water, and when the corrosion ratio is unity H Endo added that 
the actual corrosion is a result of two opposing influences One is due to the 
solubility of oxygen m water In dil soln , where the solubility of oxygen is nearly 
the same for water, the rate of corrosion increases with an increase in concentration 
of the salt, but with more cone soln , where the solubility of ox> gen is reduced pro- 
gressively with increasing concentration of the soln , the corrosion will be reduced 
The maximum with the salts under consideration is near 0 1 M 

According to E Heyn and 0 Bauer, the behaviour of soln of potassium ferro- 
evamde is typical of that of many others B, Eig 376, represents the effect with 
distilled water , the concentration is expressed in mols per litre In some cases, 
with small proportions of salt, say 0 001 to 0 1 grm per litre, there is a slight retarda- 
tion, BC Many salts — e g sodium and potassium carbonates — exhibit no such 
retardation As the proportion of salt increases, the corrosi\e effect increases, 
CD, to a maximum, D, which is usually much greater than the effect with distilled 
water This represents what has been called enticed concentration Subsequent 
mcreases m the proportion of salt rapidly depress the activity of the soln until it 
reaches what is called a limiting concentration at a point, E, where corrosion practically 
ceases , and subsequent mcreases m the cone of the soln , EF, have no effect on 
corrosion, for the iron may be kept in contact with these soln for an indefinite 
period without corrosion 

According to E Heyn and O Bauer, and JAN Fnend the critical and limiting con 
centrations of a number of salts, expressed m grams per litre, are respecti\ely as follow 
potassium ferrocyanide, with wrought iron, 0 1, and 1 to 2 and with purified iron, 0 2, — , 
potassium femeyamde, wrought iron, 0 1 , and 1 to 2 , potassium permanganate, wrought 
iron, 0 1 , and 0 1 to 10, potassium carbonate , wrought iron, 1 0, and 1 to 10 , potassium 
todate, wrought iron, 0 01, and 0 1 to 1 0 , potassium cyanide, wrought iron, 0 1, and 0 1 to 
1 0 , potassium br ornate wrought iron, 0 1 , and 0 1 to 10, potassium chlorate wrought 
iron, 0 1, and 74 5 , calcium chloride, steel, 1 27, and 510 , sodium sulphide steel, 0 1, and 
100 , sodium hydrocarbonate, wrought iron, 1 0, and 1 to iC , sodium carbonate , wrought 
iron, 1 0, and 1 to 10 , borax , wrought iron, 0 1, and 1 to 10 sodium hydrophosphate, 
wrought iron, 1 0, and 1 to 10 ammonium hydrophosphate, wrought iron, 0 01, and 1 0 to 
10 , ammonium acetate, wrought iron, 0 01, and 0 1 to 1 0 , chromic acid, wrought iron and 
pure iron, limiting cone 0 01 to 0 05 , potassium chromate , wrought iron, 0 01 to 0 1 , and 
potassium dichromate, wrought iron and pure iron 0 01 to 0 1 

C H Cnbb and F W F Amaud showed that the corrosive action of soln of 
sodium carbonate is nearly twice as great at 100° as it is at room temp Ammonium 
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hydrophosphate liere acts normalK up to lt^ limiting concentrxtion, and before 
the soln is satura + ed, corrobion begms again , but it is not rusting in the ordinar} 
sense, becaube the metal becomes covered with gas-bubbles, and finally acquires a 
grevish-green deposit In the case of soln of potassium chlorate, calcium chloride, 
and sodium sulphide E and F almost coincide and the limiting cone is a sat soln 
of the salt There are no critical cone with a few salts — e g chromic acid and its 
two potassium salts The slow soln observed bv E Hevn and 0 Bauer with 
very cone soln of chromic and inti potassium dichromate mav be due to the 
prepuce of manganese m the iron, foi as V S Cushman showed mangamferous 
irons ire slightly soluble m the^e "oln but no effect can be observ ed with pure iron 
during the course of a few weeks 

Ammonium salts are verv corrosive and of the thiee tried by E Heyn and 
O Bauer, Fig 178, the nitrate is the most active, and it is ammonium nitrate winch 
is produced m thunderstorms, and washed down b} ram The ram-water soln , 
of course, is very dilute, but the concentration mcreases as the liquid evaporates 
Soln of these ammonium salts were found to attack iron both m the presence and 
m the absence of air The ratios Loss m the absence of air loss m the presence 
of air, for the nitrate sulphate, and chloride are respectively 0 92, 0 17, and 0 023 
The activity of the salts is much greater when the temp is raised JAN Fnend 
and P C Barnet observed that a sat soln of ammonium sulphate is less corrosiv e 
than distilled water at 6 C , but at 18° it is much more 



bganthm cf concentration 


Fig 378 — The Corroarve 
\ction of Solutions of 
Ammonium Salts 


commit e L Santi found that iron drillings are attacked 
bv a boiling soln of ammonium chloride Fe-piNH^Cl 
=FeCl 3 + 2 NH 3 -rH 2 , observ ations on the action of 
xmmomum chloride soln were also made b\ J T Nance 
E B R Prideaux and R M Caven made a similar 
observation with respect to ammonium nitrate, and 
W R Hodgkmson and A. H Coote, with respect to soln 
of ammonium nitrate and nitrite W Vaubel observed 
that while ammonium nitrite is almost without action on 
iron, ammonium nitrate makes a very effective attack 
hydrated ferrous and feme oxides are formed, and some 
iron passed into soln as a complex salt Ammonium 
nitrate, said \aubel, is very generally present m 
common water m contact with iron, for tins metal will 


reduce a portion of the dissolv ed nitrates to ammonia , the same process, 
namely, the reduction of the nitrate radicle to ammonia, occurs m the action 


of ammonium nitrate on iron, the latter undergoing oxidation The rusting 
is assisted by the increased actmtv of oxygen at the attacked spot, and also by the 
action of the water itself, which, it is stated, m the presence of ammonium nitrate 
will act on iron, forming iron oxide and hydrogen, especially if the temp is slightly 
raised R Droste showed that under ordinary conditions, nitrates are reduced 
by iron to ammonia without forming any appreciable proportion of nitrite 
A A Bonnema showed that ferrous oxide and hydroxide m contact with air give 


rise to a certain amount of nitrite If, as is quite possible, nitrate is produced m 
the same mann er, W Vaubel added that it is clear that for the rusting of iron only 
a minimal quantity of an ammonium ^alt need be present, for the ammonium nitrate 
could then be easily formed F Hanaman discussed the action of soln of ammonium 


sulphate 


There is another senes of salts whose sat soln are incapable of inhibiting 
corrosion, and m this sense it can be said that the limiting cone is imaginary, and 
that F lies to the left of E, Fig 376 These salts therefore show only a critical 
cone E Heyn and 0 Bauer, and JAN Fnend and J H Brown obtained the 
following results 


Potasstum chloride with wrought iron, 60 , with purified iron, 5 , potassium sulphate with 
wrought iron and purified iron, 10 , potassium nitrate with purified iron 1 to 16 sodium 
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chlo> idt, wiought non, 10 and purified non 5 sodium sulphate , wrought iron and purified 
iron, 10 , sodium nitrate , wrought iron 0 1 purified iron, 50 , calcium hydrocarbonate, 
wrought iron 0 14 calcium sulphate wrougl t iren 2 034 , calcium sulphide , steel, 0 0014 , 
barium chloride, wrought iron, 100 punfied non 10 *cnous sulphate wrought iron, 100 
arsenic trioxide, wrought iron 0 064 magnes um chloride wrought iron, 100 , punfied iron, 
20 , magnesium sulphate, wrought iron and punfied iron 10 to 50 manganese sulphate 
wrought iron 0 1 ammonium thiocyanate , wrought iron 0 01 , amn<on'um chloride, 

wrought iron 100, ammonium sulphate wrought iron, 200, and ammonutvt' ndrate 
wrought iron, 500 I \\ asilewsk\ and \\ Bard7vmk\ di«cusset* the corrosi\e action of 
a soln of ammonium nitrate and V K PcKhko m<l < r I TVdmfanff the corrosive 
action of potassium salts on cast iron 

The eonosive actions of soln of potassium and sodium chlorides ind sulphates, 
and of potassium nitrate, by T 4 N Friend and ) IT Brown are illustrated b> 
Fig 379 They show that the corrosi\e action of cone soln of the chlorides is 
less than that of water alone This was noticed b\ R \die m 1845 and he explained 
the results by G- Wetzler s assumption that the solubility of oxygen m bnne 
soln is less than it is m water alone F J Rowai cited an example where the life 
of boilers was much greater when run with a higher proportion of sea water with the 
fresh water, than when a small proportion of sea water was used J \ N Frend 
and T H Brown noticed that while at 10°, a soln of sodium chloride has a critical 
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Fie 379 — The Effect of Aqueous Solutions 
of Salts on the Corrosion of Iron 



Fig 380 — The Effect of Temperature 
on the Corrosive Action of Solu 
tions of Sodium Chloride 


cone whose corrosive action is greater than that of distilled water at the same temp , 
yet at 21°, m agreement with E Heyn and 0 Bauer, the reverse is the case , and 
at 14°, the corrosive action is the same as that of distilled water Hence, a soln 
may be less corrosive than distilled water m the tropics and more corrosive in 
temperate c lim es , a similar difference may be shown in summer and winter 
E Heyn and O Bauer s results with sodium chloride soln are summarized m 
Fig 380, where the concentrations are expressed in mols per litre The action is 
nearly twice as great at 40° as it is at 18° , at 80°, the action with the more dd 
soln attains a mummnm A Payen, R Girard, K K Jarvmen, and L Aitchison 
made some observations on this sub}ect H Beeny found that the amount of iron 
which passes into soln as Fe ions when used as anode m a 02 per cent soln of 
sodium chloride agrees with the quantity of electricity generated, and it is hence 
inferred that the corrosion is entirely electrochemical A W Chapman found that 
potassium fluoride below 0 82V-conc act like potassium chloride, but, unlike soln 
of the chloride, above that cone the metal is not corroded This is attributed to 
the formation of a protective film of a fluoride or complex fluoride on the surface 
of the metal The attack by soln of potassium fluonde is inhibited by the presence 
of sodi um carbonate or chromate in concentration less than is needed for the 
chloride This is attributed to the fluonde being less able to penetrate the protec- 
tive film formed by the inhibitor R Adie, and JAN Fnend and J H Brown 
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showed that at the temp of the room, and m the absence of air, soln of the alkali 
sulphates and chlorides exert no corrosive action on iron The results for the 
alkali nitrates are shown m Fig 381 P Bohland observed that whilst most 
chlorides accelerate the rate of corrosion of iron m water, chromic chloride acts in th« 
isonverse wot, due, it is assumed, to ‘ a transitory separat’on of chromium by the 
on G R "White studied the electrolytic corrosion of iron as anode in soln of 
sodium chloride, sulphate, nitrate, acetate, and tartrate ° f 

Ram-water particularh after thunderstorms, contains nitric acid or nitrate* 
and sew ige water also contains mtntes and nitrates The action of soln of nitrates 

tK n + r °^i WaS ? !£ eiam f ed b > J B Senderens, and J A Jones W Vaubel found 
that soln of the alkali nitrates are not nearlv so active as ammonium nitrate 
and that sdn of the alkali nitrites are almost without action on iron FHananun 
^lifted the action of soln of sodium chloride, potassium carbonate, and ammonia 

IL I? In 0 " m h °a ei1 S c tU , dled thp actlon of soln of sodmm chloride M Mugdan 
mstina + at 6 C + h J? ndeS of the alkaile ^* ammonium, and the alkaline earths accelerate 
wuidK t: : Ut th + e same ext ! nt Br °mides, sulphates, and perchlorates are nearlv 
equallj active, potassium nitrate somewhat less so, and purified water less still 
Iron remains practical unattacked m soln of potassiu^ (or sXm? chWe, 



C ans or salt par r tre 


Pig 381 — The Effect of Aqueous Sola 
lions of Salts on the Corrosion of 
Iron 



Logarithm of concentration 


Eig 382 — The Effect of Solutions 
of Magnesium Chloride on the 
Corrosion of Iron at different 
Temperatures 


i dlchl ? inate > a f te te, oxalate, tartrate, ferro- and fern- 

between tho*e of win nf +h ® nu ? ure possess properties intermediate 

hydroxide causes iron addl ^ lon of salt to a soln of sodium 

cone ^In of pure ^ ^ tta T “ 

H J BonlAr oyTr? x> a t\ ine i 61 , °* ™ alkaline soln was discussed by 

attacked but mmnre t wh ° fouild that the snrface of is uniformly 

is more nrotert^W l Sol f P°“t-corrosion predommates Alkali hydroxide 
xMoSSn ? pm Snl P 3late a^ck iron less than 

or dichromate andchW,^^ 6 ^ 7 attacked neutral soln contammg dichromate, 
The results of J A N Fr end sniff' attacked if the soln is not neutralized 

nesinm chloride + J H Brown with barium chloride, and with mag- 

and P SbrotoS fid ^ ?“? m * nz , ed m Bl g s 381aud382 V ZemlyamSi 
attack after boiW with +h» * 6 °i n of barmm chloride attam a maximum 

gmSuy owmu to thffn™ f 8 to 16 ^ attack then decreases 

graauany owing to the formation of a protective film of hydrated feme oxide 
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The action of magnesium chloride lias recei\ ed much attention owing to its presence 
in sea-water, which may be regarded as an aq soln of sodium and magnesium 
chlorides E Maas s and ft T ft lederholt, and 0 Hauler showed that magnesium 
salts are strongly corrosive, and m aq soln it is largeh h\ droh zed to form free 
hydrochloric acid, particularly if its temp be raised E He\n and 0 Bauer r 
results with \anations of temp are indicated m Fig 381, where the concentrations 
are expressed m mols per litre The effect with the more dil soln reaches a maxi- 
mum at 80° The soln can also act on iron m the absence of air, particularly if 
the temp is raised This was demonstrated bv A "Wagner, and R Pfennmger, and 
emphasized by J B Dodds E J Fox also showed that desert waters containing 
magnesium chloride have a high H-ion cone , and are \erv destructive to steel 
and iron, conveymg-pipes Observations on the corrosive action of natural waters 
were made by F Auerbach, F Bamberg, C 0 Bannister and R Kerr, C B'acher, 
H G Bowen, G J Burrows and C E Fawsitt, C P Coles, M J Falkeuberg, 
A P Ford, H 0 Forrest, J R Francis, G ft Fuller, L W Haase, R A H&dfield, 
W M Hamlet, A Heinzelmann, T Hermann, H M Howe, G N Huntlev, 
I M KolthofE, 0 Krohnke, W Lulofs, F L\on, B G McLehan, R Mallet, A Mund- 
Iem, G Popp, E Prrnz, ft" Reid, J W Shiple\ and I R McHaffie, F N Speller, 
F N Speller and co workers, A Splittgerber, A T Stuart, R Stumper, A Thiel, 
F Tiemann and A Gartner, J Tillmans and co-workers, J ft aiker and S 1 Kay, 
W G "WTntman and R P Russell, R E Wilson, ft" ftmdisch, H ft ’nstanlev, and 
I H Woolson , and on the corrosive action of mine waters, M R J Anderson and 
G M Enos, A Katz, W A Selvig and G M Enos, and W E Warner P Medmger 
explained the corrosion of gas and water mams m heavy soils, containing calcium 
sulphate as follows through the ionization of the sulphate, the proportion of caleram 
ions in soln becomes so great that the dissociation of the calcium h\ drogen carbonate 
is depressed, and, consequently, the production of H - and HCOg^-ions from the free 
carbonic acid is not so much hindered The enhanced acidity of a soln containing 
free carbonic acid and calcium hydrogen carbonate consequent on the addition of 
calcium sulphate may be demonstrated by means of litmus 

R Adie found that iron is attacked more vigorously by sea-water m the presence 
of air than is the case with distilled water The aeration of sea water near the sur- 
face as it is stirred up by the waves is favourable to corrosion , on the other hand, 
oxygen was found to be less soluble m sea-water than it is m ordinary water Again, 
A Payen showed that iron is attacked by sea-water in the complete absence of air 
under conditions where iron can be kept in fresh water an indefinite time without 
corrosion The activity of sea-water is consequently due to the salts which it has m 
soln — e g sodium chloride, and magnesium chloride and sulphate At considerable 
depths below the surface the supply of air to sea-water is very restricted From 
observations by O Bauer and E Wetzel, G D Bengough and co-workers, 
J J Berzelius, E Beutel and A Kutzelnigg, R Bmaghi, J V Davies, G N Draper, 
JAN Friend, R A Hadfield, H M Howe, M Lidy, R Mallet, J T Milton and 
W J Larke, M le Naoux, D V Onslow, J Percy, M Portier, J W Shipley and 
I R McHaffie, R Stumper, V N Svechmkoff and K F Starodoudoff, and 
H Wilkinson, on cast iron — guns, cannon-balls, etc — which had been submerged 
for 50 and more years m the sea, the iron appears to be slowly converted into ferrous 
oxide, and partially dissolved, and at the same time the residue becomes soft though 
retaining its original shape The carbon appears to form a graphitic mass Hence, 
the change is sometimes designated the grapfaltization — or graphzbbSy or tron cancer 
— of cast iron According to R Mallet, the sp gr of the mass is between 1 3 
and 1 8 — when that of cast iron ranges from 6 8 to 7 6 , and he also quoted the 
analysis FeO, 81 per cent , graphite, 16 per cent , iron chloride, a trace In 
the case cited by J J Berzelius, when the mass was first brought to the surface, 
within half an hour it became too hot to hold m the hand — presumably owing to 
the oxidation of the graphitic carbon which is almost in a pyrophoric state 
F W Durkee observed an analogous result by the action of the water of a coal-mine 
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on cast lfon J W Shipley and I R McHaffie reported cementite and a cementite 
phosphide eutectic in the Tesidual skeleton J W Shiplev observed a softening 
of the iron pipes exposed m soils containing calcium sulphate , W B Schulte, 
when exposed to cinders U R Evans noted the breaking down of the cast iron 
foundations of a bridge o\ er the Thames 

The graphitization mav be produced b\ other comm e agents, thu^, F J Darnell 
produced a spongy, grey mass, ' somewhat resembling plumbago, 5 by the action 
of dil hydrochloric acid on cast iron F C Calvert, by the action of dil hydrochloric 
or acetic acid for two years T Crzeschik, by the action of dil sulphuric acid , 
S Leet, and V> H Pep vs pyroligneous spin* , T Thomson, sour paste , R Mallet, 
the vapour disengaged bv roasting coffee, the action of sherry wine, and of low 
wines and proof spirit and M hreund, by the action of direct electric currents in 
soln of sodium chloride or calcium sulphate, although F Bergius and P Krassa 
observed no such action with alternating currents 0 Bauer and E Wetzel studied 
the graphitization of cast iron and found that graphitization occurs with iron anodes 
m tap water sea water, and m 10 per cent soln of magnesium chloride or sulphate 
R Mallet al^ mentioned cases when graphitization was facilitated by the gahamc 
action caused bv the contact of cast iron with a less corrodible metal — e g copper, 
or brass Reports on the corrosiv e action of sea water hav e been also made by 
T Andrews M Ballav, 0 Bauer and E Wetzel, H Bauermeister, A C Becquerel, 
B Bell, G D Bengough, R Bmaghi, F C Oil vert and R Johnson, E Cohen, 
V P Coles, P 31 Crosthwaite P M Croutliwaite and G R Redgrave, J V Davies, 
E Daw, Vi Denecke, E Deslongchamps, H Diegel, S H Ellis, U R Evans, 
JAN Friend R Girard, J Grantham, R A Hadfield, F Hanaman, 
W J Hav, T Holgate, G Johnstone, 'W P Jonssen, K Hasegawa and S Hon, 
C J B Karsten, F B King, G von Knorre, 0 Krohnke, M Lidv, A Liversidge, 
R Mallet, T E Perks, J W Post, H S Raw don, J Rennie, H E Rhoades, 
H Rmne A Romwalter, A H Sabin, F Schmitz, B Schultz, E C Sherman, 
J W Shiplev and I R McHaffie, B Silhman, G Stauch, T Steel, F P Stowell, 
R Stumper, W Thomson, M Usener, G B Yroom, and H Wilkinson, etc — mde 
infra for a comparison of the different v arieties of “ iron and steel 

G W etzler observ ed that iron does not rust m aq soln of potassium liy drovude, 
or in aq ammonia, and A Pay en added that iron remains bright for months when 
immersed m an aq soln of ammonia or of potassium or sodium hy droxide A soln 
of 1 vol of a sat soln of potassium hydroxide and 2000 vols of water prevents 
iron from rusting, but the metal is corroded m a 1 4000 soln A soln of 1 vol 
of a sat soln of sodium carbonate m 54 vols of water will prevent rusting, but 
not so with a 1 59-&oln A Pay en also found that a soln of 1 vol of a sat soln of 
borax m 6 vols of water, and 1 vol of a sat soln of lime water m 3 vols of 
water will prev ent rusting , but not so with more dil soln M 31 Hall also observed 
that iron does not rust m water containing magnesia or lime For A J Hale and 
H 8 Fosters observations, tide supra , and for the action of alkali hydroxides, 
vide supra, chemical properties of iron C H Cribb and F W F Amaud observed 
that very dil alkaline soln do not prevent the corrosion of iron With the cone 
of the alkaline «oIn expressed as parts of alkali by weight as 100,000 parts of water , 
and with the corrosion expressed as m illi grams of feme oxide, they found, at room 
temp , say 16 
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J I) Pennoek and D A Morton found that iron doe^ not rubt in cone , aq soln 
of ammonia, although freshly rusted iron is attacked J \ N Friend observed 
no attack by ~N-NH 4 OH when kept m sealed tubes for se\eral vears 
F J R Carulla observed no change in a cast iron still u«ed for ammonia during 18 
\ ears , and this was confirmed b\ J F Kempson Observ ations were also made b\ 
F Schmitz, "W R Hodgkmson and N E Bellan>, M TJgner, C Matignon and 
G Desplantes, and U R E\ ans on the action of aq soln of ammonia , b\ W Ditt- 
mar, V Venator, G Zimite, E Hevn and 0 Bauer, F Lvon, F N Speller and 
C R Texter, J H Andrew, M L Hamlm and F M Turner H F Whittaker, 
P D Menca, and C E Stromeyer, on the action of aq soln of alkali hvdroxides , 
and bv T Schmelzer by soln of calcium hydroxide 

The results of C H Cribb and F W F Arnaud confirm the obser\ it ions of 
A Pa>en that dil soln of the alkali hy droxides, m ordm m atm air do not inhibit 
the corrosion of iron until a certain limiting cone of the alkali ha^ been attained 
The limiting cone for alkali hydroxides was found h\ ( H Cribb and 
F V F Arnaud to be respectively 0 10 to 0 20, 0 185 to 0 278, md 0 05b to 0 1 4 tjnn 
per litre , for sodium and calcium hydroxides, E Hevn and < ) Bauer obtained 
respectivelv 10 to 10 0, and 0 18 to 0 89 grm per litre , md JAN trend 1 1 
to 2 8 grm per litre for potassium hydroxide It must be remembered that in. air, 
the alkali is slowly converted mto carbonate, so that permanent protection is attained 
onlv when the cone of the alkali corresponds with the limit mg cone of the carbonate 
Using more cone soln , E Heyn and O Bauer found for plates of iron 3x4 5 cm m 
area, with the cone of soln expressed m grams per litre, and the corrosion as loss 
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U R E\ ans found that soln of magnesium sulphate at verv low concentrations, 
say 0 001 or 0 01J/-MgS0 4 , produced phenomena not unlike that seen m distilled 
water, the rust being loose and the upper boundary of the rust covered area being 
sinuous As the cone of the soln of magnesium sulphate was gradually increased, 
the upper boundary of the rust covered area became straighter and the rust became 
more clinging , at cone betw een 0 IbM- and 0 50i!/-MgS04, the rust blanket was so 
adherent that it was not loosened when a jet from a wash-bottle was directed on to 
the specimen Cone soln of magnesium chloride, calcium sulphate, and calcium 
hydrocarbonate behaved in the same way , the deposit of iron hydroxide came to 
wit hin about a mm of the water-level, the top of this area being often straight and 
parallel to the water-line In the intervening space between the deposit of iron 
hydroxide and the water Ime the metallic surface, although free from corrosion, 
was covered with an adherent white deposit The rust settling m the vessel was 
unusually pale, conta inin g calcium or magnesium compounds in addition to iron 
hydroxide The explanation of these phenomena is to be found in the limited 
solubility of magnesium and calcium hydroxides Electrochemical action com- 
mences as soon as the plate is introduced, but the areas which commence to function 
as cathodes quickly become covered with a deposit of calcium or magnesium 
hy droxide (or calcium carbonate, in the case of calcium hydrocarbonate soln ) 
This deposit shields the areas in question from oxygen, stopping the cathodic 
reaction at the parts shielded, and transferring it to some point still free from 
deposit , the portions shielded by deposit naturally become anodic In the course 
of a few hours the whole of the immersed area has become covered with deposit, 
and only the narrow strip within the meniscus, which necessarily remains com- 
paratively accessible to oxygen, behaves as cathode, whilst the rest of the immersed 
area constitutes the anode Ov er this large area the soluble iron salts produced by 
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the anodic reaction act on the prev iousIv deposited hydroxides of calcium or 
magnesium, converting them in part mto hydroxides of iron, so that the deposit, 
whitish at first, becomes green and then brown The rust thus contains variable 
proportions of magnesium or calcium compounds Consequently, the action of 
waters containing calcium or magnesium compounds is slower than that of distilled 
water, because the access of oxygen to the small cathodic part of the metal is hindered 
b\ the white deposit V R Evans also found that zinc sulphate soln behav e liie 
tho*e of magnesium sulphate JAN Fnend and co workers found that at low 
temp magnesium sulphate and chloride retard corrosion at many concentrations , 
but m some cases there was a marked acceleration Smce these experiments were 
made on specimens submerged m the soln where the rate of corrosion is restricted 
by the conveyance of dissolved oxygen, IT R Evans repeated the experiments with 
plates partly immersed m the liquids, and found that for cone ranging from 
0 001 Jf-MgSQi to 0 5Jf MgS0 4 , the effect of magnesium chloride is always to 
reduce corrosion below the limit for distilled water 

MgS0 4 Oil 0 0013/ OOUf- 0 1M 0 2 5M 0 51/ 

Loss 0 053 0 034 0 034 0 037 0 033 0 027 

The action o! solutions of a mixture of salts — A Payen 26 observed that with 
a soln of equal vols of sat soln of sodium chloride and carbonate and 75 vols of 
aerated water, the corrosion of cast iron began in a minute, and with water contain 
mg 0 2 per cent of sodium hydroxide and 0 6 per cent of sodium chloride, oxidation 
w confined to small areas around the points at which rusting originates, and it spreads 
from these patches m vermicular forms According to J A N Fnend and 
C W Marshall, the minimum cone , C, of sodium carbonate required to inhi bit the 
corrosion of iron by 0 05Y soln of vanous sodium salts runs parallel with the order 
of the relative strengths, S } of the corresponding acids determined by electric con 
ductivity methods thus 

Chloride Iodide Bromide Mfcrate Sulphate Fluoride Acetate (Sulphite) 
c 100 88 9 72 2 53 7 51 85 38 9 8 9 (19) 

8 100 98 98 98 70 10 5 2 (58) 

E Hevn and O Bauer observed the same critical cone with mix tures of sodium 
chlonde and carbonate as were obtamed with soln of sodium carbonate alone, 
although the corrosive action was slightly greater , no limit ing cone was reached 

JAN Fnend studied the effect with mixtures of potassium chlonde and hydroxide, 
at room temp , and found the following losses of weight in grains, for plates 5 X 4 cm 
m area, w*th the concentrations of potassium chlonde and hydroxide expressed m 
grams per litre 



0 

28 

112 

28 

56 

168 

0 

00685* 

0-0000 

0-0000 

0 0001 

00000 

0 0001 

5 

0 0884* 

00802* 

0 0010 

0 0008 

0 0004 

0 0000 

15 

0 0836* 

0 0929* 

0 0074* 

0 0002 

00004 

0 0000 

50 

0 0828* 

0 0985* 

0 0364* 

0 0112* 

0 0000 

00001 

150 

0 0790* 

0 0657* 

0 0334* 

0 0059* 

0 0004 

0 0003 

300 

0 0390* 

0 0196* 

0 0104* 

0 0010 

0 0004 

0 0002 


The numoers marked with an asterisk showed that the metal was corroded , the 
others may be taken to indicate no marked reaction With no hydroxide present, 
the attack was uniform, but when the hydroxide was present pitting occurred 
In all cases corrosion decreased as the amount of potassium hydroxide increased, 
becoming zero in the presence of 56 gnus per litre The results are plotted dia 
grammatically m Fig 383 The curve AB represents the solubility of po tassiu m 
chlonde m soln of potassium hydroxide , and OC 9 the Tmmmnm cone of pot assium 
hydroxide required completely to inhibit the corrosion of iron m the presence of 
the corresponding amounts of potassium chlonde The area OCA represents 
mixtures which attack the iron in spite of the alkalinity of the soln , and the area 
UDtSLfy mixtures which prevent the rusting of the iron 
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Concentration of KOH 


TJie preservation of steel embedded in concrete depends on the complete 
exclusion of air and. moisture, and on tlie mhibitrv e nature of the surrounding 
medium J A N Friend applied the abo\e results to the presenation of iron m 
compact concrete or cement, and showed the need for arranging that the concrete 
must be so compounded that it is always alkaline enough to inhibit corrosion 
This subject was discussed b\ H Barker and - 
W L Upton, H Bauerman, L F Bellinger, Id 
0 Bemdt and co-workers, W J E Bmme,B Blount, ^ 

P Breuille, H P Brown, H Buel, C F Burgess, | n 

W S Calcott and co-workers, H J M Creighton, i| 

E A Cross, E Donath, H E Dunkelberg, W Dunn, ^ 

A P Ford, W H Fox, J A N Friend and co I Ho 

workers, L Gadd and C P Tailor, R H Gainer, <3 corrosion 

H A Gardner, F L Garrison, M Gary, M Girousse, ■ A 

R Grun, K A Goslich, A Guttmann,M L Hamlin Concentration of KOH 

and F M Turner, ALA Himmelwrigkt Fig 383 — The Corrosi\ e Action 

M Lidy, S Lmdeck, K Lubowsky, H Luftschitz, y 

F P McKibben, C E Magnussen and G H Smith, A del Mar and D C Woodbury, 
E R Matthews, P Mecke, W Michaelis, E Mor^ch, S !Newberr\, I_ J Nicholas, 
E Noaillon, C L Norton, W Obst, 0 T Olgiati and H Roberta, J F 0 Rourke, 
W Petry, M R Pugh, M Quedefeld, K Rembold, 0 Rode, W Roedfur, P Rohland, 
E B Rose and co-workers, J W Schaub, G F Shafier, F N Speller F \\ Ta\lor 
and S E Thompson, B H Thwaite, M Toch, 0 G Trigg, H V Turner 
M C Tutton, Y Uchida and M Hamada, L Wagoner and F H Skinner, 
W R Webster, J P Whiskemann, \\ G Whitmann and R P Russell, 
H F Whittaker, and B Zschokke 

U R Evans made analogous observations with respect to the corrosion of mixed 
soln of alkali chlorides, nitrates, or sulphates and alkali h\ droxide In the case 
of a vertical plate immersed m a soln of 
alkali chloride, a small addition of alkali will j\ tr 

cause the corrosion to be more localized , Iff 

and there occurs a little corrosion in some . ne/nbnstne 

pores so constricted that oxygen is ex- T^yr^ ^W-De^ corns on 

eluded and the conditions for anodic attack ; . 

are set up, while narrow streams of rust- ; , ,||| 

mg spread downwards from the active l?** ^ 

pores The more open pores do not pro- f i<£2 , jfiL 

vide the conditions necessary for anodic „ t ___ , T T 

attack H more alkali hydroxide is added, »» 384 -Corrosion at Water level 

the area covered by the corrosion product is reduced, and corrosion will be 
localized on the sites of a few pores which will be covered by blisters of the 
membranous hydrated oxide , and, with still higher proportions of the alkali 
hydroxide, corrosion may be entirely suppressed At the water-level, with a 
soln of alkali chloride alone, the zone just below the water-level is free from 


Water levd 


^■SteH.puate 

Jottgh nembmne 
-Deep corns on 
'JHooHy 
precipitate 


i 

Fig 384 — Corrosion at Water level 


attack, but with a mixture of the chloride and hydroxide, intense corrosion may 
occur at the water-level The phenomenon — water-line corrosion — is thus de- 
scribed by U R Evans At this water level a dark speck appears on the 
steel plate This expands mto a dark, triangular flap, floating on the liquid, and 
attached to the steel , this extends along the water level, forming a kind of box 
The upper side of the box is composed of a tough, dark brownish red, membranous 
skin on the water level, and below, Fig 384, there is a looser, woolly deposit 
of hydroxide which is green m the early stages The iron is not corroded im- 
mediately outside the box, but inside, intense corrosion occurs in a short space of 
time and finally perforation occurs This corrosion may occur with sulphate, nitrate, 
or chromate m place of the chloride , and with the liquid agitated or still, hot or 
vol xm 2 g 
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( old The phenomenon is due to the tendency of the protec tn e fdm to break aw a} 

-it the water le\ei, and as it springs away from the metal face, and clmgs to the 
interface of liquid and air, the conditions for anodic attack are set up, which once 
ht \rfed, proceed apa^e — vtdt supfci The subject was investigated bv A L McAulay 
and F P Bowden The water line or liquid line corrosion of metals was discussed 
In <i D Bengough and co workers J I Crabtree and G E Mathews, I T R Eyans, 

E S Hedges \\ P Jon«*en, E L Rhead, W H J \emon, and K M Watson 
and O P Watts, and the submerged common by W G W T hitman and co 
workers 

The ps.m’v it\ induced in iron by contact with soln of potassium dichromate, etc , 
has been discussed elsewhere It is usually attributed to the formation of a thin 
protective ^kin of oxide on the surface of the metal Iron may be kept an 
indefinitely long time in contact with soln of potassium dichromate, if not too 
dilute, without any rusting , and A 8 Cushman suggested that the addition of 
about 0 36 grm of the salt per litre should be a suitable protection against boiler 
corrosion because samples of iron and steel m boiling soln of this concentration 
remain free from rust for an indefinitely long time even when air is continually 
bubbled through the <*oIn TAN Friend and co workers discussed the effect of 
the preserce of other salts For instance, if sodium chloride be present, there will 
be a *tate of equikbrrom 2NaCl-j-H 2 0+E2^ <r 2^7^-^2CT04+2HCl-}-Na2Cr04, 
established, and the free acid will remove the protective film of oxide Similarly 
with other foreign salts If the cone of the dichromate does not exceed 0 01 grm 
per litre, its protects e action is slight , and the best results were obtained with 0 1 
grm per litre, except when the cone of the chlorides is less than about 5 grms per 
litre, m which case more dichromate, say 1 grm per litre, is needed If potassium 
chroma+e be used m place of the dichromate, no free acid is liberated 2NaCl 
- r KoCr04^Na 2 Cr04-^2KCl JAN Fnend and J H Brown obtained much 
better re^uhs with this agent, and the presence of a gram of chromate per litre has 
a marked retarding influence on corrosion The action of soln of chromic acid, 
and potassium dichromate and chlorate was studied by F Hanaman, M Mugdan, 
H Endo, C G Fink and C M Decrolv, G W Heise and A Clemente, 0 P Watts, 
A W Chapman, F Numachi, T G Thompson, B E Roetheli and G L Cox, 
C V Thompson, etc 0 Dony-Herault showed that the corrosion of steel m water 
can be stopped completely when chromate or chlorate ions axe present F N Speller 
found that ferrous sulphate inhibits the corrosion of iron , and R E Hall and 
W W T Teague, that feme salts act as accelerators 

The electrical behaviour of corroding iron was studied by U R E\ ans, and 
A L MtAulay and S H Bastow U R Evans found that with a mixed soln 
of potassium chloride and chromate, the chromate at the cathode plays the same 
rdle as oxvgen The corrosion at the water-level, Fig 384, occurs so that inside 
the box, the metal suffers anodic corrosion, and just outside the box the chromate 
is reduced, and the yellow soln disappears In the cell Fe j 0 05if -K.C1 1 0 05 J/-KC1, 
0 025Af-K 2 CrO 4 j Fe, the iron electrode not in contact with the chromate is the anode 
and suffers corrosion, while the other electrode, immersed in the chromate soln , is 
the cathode and suffers no corrosion Thus potassium chromate inhi bits corrosion 
at the parts where it can reach, and stimulates corrosion m the parts it cannot reach 
A rusting sheet of non immersed in the soln of alkak chloride and chromate quickly 
sprouted fresh rust on the old formations It was assumed that the chloride diffused 
through the old rust more quickly than the chromate, and set up the galvanic 
couple Hence, concluded U R Evans, if chromates are to be used as inhibitors 
of corrosion, then distribution must be uniform The action of soln of borates 
was studied by F Hanaman, M Mugdan, etc JAN Fnend and C W Marshall 
found that borax, on account of its low solubility, is not so convenient an mhioitor 
of corrosion as sodium carbonate , the cone of borax required to prevent corrosion 
by 10 c c of a 0 0\N -soln of various sodium salts containing C c c of a molar soln 
of borax in 10 c c of the mixed soln are as follows The relative amounts of 
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borax required run parallel with the relative length-, ,v of the acidb determined 
b\ electrical conducts ity methods, thus 


Chloride Bromide bulphate iodide 
( 0 36 0 315 0 31 0 33 

R 100 07 5 82 *> 08 


^ d e 1 luor it ict* i+ "Uirliate tarbomte 
0 10> II 1<HJ 0 070 0 050 0 0-13 

% 17 4 8 } ’ 


The action of colloids on rusting— J Aston opened the anod^ effect 
with iron mav be obtained bv various colloidal hvdroxides as wtd a» bv gelatin 
JAN Fnend showed that salts which tend to rioccuVe the incoherent corrosion 
product axe likely to form a protective coat of a colloid and thus retard corrosion 
He suggested that the comparative long life of metal vessel employed m cookirg 
may be ascnbed to the colloids m the food JAN Friei a and R H Y alian ce 
found that the relative corrosion (water 100) produced bv soln wi*h 0 2 per cent 
of sucrose is 112 4 and with 0 2 per cent of the following colloids gum acacia, 
56 9 , dextrin, 54 7 , potato starch, 54 5 , gelatin, 40 9 , srum tragacanth 22 6 
egg albumin, 68, and agar agar, 2 7 —tide supra for the colloidal theorv of 
corrosion W Beck and F von Hessert discussed the retarding action of agar- 
agar, starch, silicic acid, and gelatm 

The corrosion and tarmshmgof iron exposed to air— As indicated abo\e, 
P A von Bonsdorff 27 showed that iron remains unaltered in damp air provided 
no liquid water is deposited on the metal J Zumstem mentioned that i polished 
iron cross fixed on the summit of Monte Rosa m 1820, wa* found a 5 ear later to be 
entirely free from rust and only a slight bronze coloured tarnish could be peree \ed 
This can be attributed m part to the low temp , and in part to the purity of the 
atmosphere at high altitudes Another famous instance ’s the iron column at 
Delhi, described by A Cunningham, andV A Smith, belie\ ed to hav e been erected 
about a d 300 This column is practically free from rust, though it is covered by 
a bronze-coloured tarnish E A Hadfield attributed the immunity from corrosion 
at least as much to the purity of the atmosphere as to the composition of the metal 
A small portion rusted m a single night when wetted and exposed m England, 
although a freshly fractured surface suffered no change when exposed four nights 
to laboratory air There is also, at the British Museum, an ancient Egyptian hatchet, 
dating 700 b o , which is free from rust W Eosenham attributed the apparent 
immumty of some ancient iron to the corrosion having previously extended down 
to layers of cinder in the metal, and there stopped , eg the ancient iron chains 
which assisted the pilgrims of old to climb Adam’s peak, Ceylon, have been worn 
smooth and round, without perceptible corrosion, but the outer surface is simply 
a cinder surface which protects the iron below In London air, a portion of the 
chain rusted as quickly as any other form of iron The mechanical protective 
influence of cinder was discussed by H M Howe JAN Fnend and 
W E Thoraeycroft found that some specimens of old Eoman non from Rich 
borough and Folkestone were distinctly less corrodible than modem metal 
T Wallace also noticed that iron made in India m the native way does not rust 
so readily as iron made m Europe 

In dealmg with the action of atmospheric air on iron the surface tarnish appears 
as a thin adherent film which causes discoloration, and interferes with the bright 
lustre It will add to the weight of the metal The film of oxide producing the 
tarnish may protect the metal below from further attack, or the tarnish may 
thicken and flake off to expose a fresh surface of metal to attack JAN Fnend, 
and W H J Vernon apply the term swroswn to cases where the metal increases 
in weight In corrosion, the metal is eaten away to form a non-adherent product, 
and when this is removed, the specimen has suffered a loss m weight G D Ben- 
gough and U R Evans discussed the relation of corrosion to erosion J V N Fnend 
found that the action of air on iron is indefinitely slow at KXT, for a bright piece 
of iron-foil showed no perceptible change when kept at this temp for 5 hrs , even 
at 150°, no surface tarnish could be detected by mere inspection, but at higher 
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temp , the surface was tarnished J Milbauer observed no change in a piece of 
polished iron after heating m drv osrvgen up to 500°, and 12 atm press 

The tmt of the tarnish produced at higher temp depends mainly on the time of 
exposure and temp With the conditions approximately constant, the tmts of the 
films obtained at different temp furnish the so-called tempering colours used by the 
old workmen in tempering or annealing steel Thus, in the case of a steel examined 
by H M Howe, a pale yellow tmt was produced at„220 o , a straw-yellow at 230° , 
a golden yellow at 242° a brown at 255° , a brown and purple at 265° , a purple 
at 277° , a bright blue at 288° , a full blue at 293° , a dark blue at 316° , and a grey 
at 350° The thickness of the films is comparable with the wave-length of light, 
and they furnish a senes of interference tmts with the dominant colour altering as 
the film thickens The light is reflected from the surface of the metal and also the 
surface of the film, and as the one tram of light-waves merges into the other, the 
phases may be the same or opposite to one another, and, as shown by L Nobli, 
effects analogous to Newton’s ring colours may be produced This subject has been 
discussed by D H Rangham and J Stafford, F H Constable, C F Ramann, 
U R Evans, R C Gale, G Jung,H Inamura, A Mallock, C W Mason, F Robin, 
L Gmllet and A M Portevm, J E Stead, Y Kohlschutter and E Krahenbuhl, 
C N Hmshelwood, M Kuroda, G W Vmal and G N Schramm, M Schmierer, 
F A Fahrenwald, and by G Tammann and co-workers — vide supra , the passive 
tion of iron in air C V Raman studied the reflection of light for various angles of 
incidence on the oxidized film and concluded that temper colours are produced by 
the diffraction of light by a granular film of oxide B N Chuekerbutti supported 
this conclusion G Tammann and co-workers, and U R Evans support the inter 
ference theory of the colours The colours appear m the correct order during the 
formation of the film, and by reducing the thickness of the film, the earlier colours 
are reproduced m the appropriate order G Tammann and G Siebel investigated 
the rates of change with time of the temper colours of primary cementite, pearlite, 
pearlitic cementite, and troostite, and found that if the thickness of the equivalent 
air film, vpfi } be plotted against time, t, then, t=a(epv— 1), where a is a constant, 
and 6 is a coefficient which decreases with increasing temp , T, so that log^x 
=logJ> T ~c(T~T 0 ) ) where c is constant There are discontinuities with nickel and 
vanadium steels which are connected with the change of a- to y iron The subject 
was discussed by J S Dunn T Turner showed that any colour can be produced 
by heating the metal long enough at a lower temp than that corresponding with 
the particular tmt Thus, the straw-yellow can be obtained at 170° instead of at 
220° , and the purple can be obtained at 170° in 12 hrs , at 220° m 1 hr The 
subject was also examined by L Gmllet and A M Portevm, and C Baras and 
V Strouhal According to L Lowenherz, the results vary with the composition 
of the steel W C Roberts-Austen showed that if steels be heated in vacuo, 
these colours are not produced, showing that the colours are due to the formation 
of a film of oxide 8 Stein arrived at a similar conclusion JAN Fnend found 
that the colours appear even if the air be dried by storage over phosphorus pentoxide 
for a few months, and concluded that the formation of the colours is a process of 
direct oxidation of the metal 

G Tammann and W Koster, and N B Pilling and R E Bedworfch studied the 
rate of oxidation of hot metals, and N B Pilling and R E Bedworth showed that 
if the vol occupied by a given amount of the compact oxide is less than the vol 
of the metal required to produce that oxide, the film of oxide will be porous and 
will not protect the metal from further attack Hence, if M be the mol wt of the 
oxide , n%, that of the metal , D, the sp gr of the oxide , and d, that of the metal, 
if MdjmD be less than unity, a porous oxide will be formed, and if greater than unity, 
a protective oxide will be produced if no cracking occurs The ratio is less than unity 
m the case of Li, Na, E, Mg, Ca, Sr, and Ba , and greater than unity in the case of Cu, 
Zn, Cd, Al, 2r, Th, Sn, Pb, Or, W, Mh, Fe, Co, and Ni With iron, the ratio is 206 
The oxide formed when iron is heated m air is normally slaty-black and consists of 
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two phases, forming a thick outer and a thinner under la> er respective!}, with an 
aggregate composition intermediate between FeO and Fe 3 0 4 It is prone to form 
as a hollow, swollen tube around the wire, the surface frequently contorted mto 
grotesque shapes, very often with crests and protuberances of reddish FegC^, 
depending somewhat on the temp of oxidation When cold, the shape of these 
suggests that either during oxidation or cooling a liberation of gas occurred, puffing 
the oxide shell out, and sometimes bursting, lea\ mg small, crater like mouths 
In almost every case the oxide, when cold, was loose and of considerably larger 
internal dimensions than that of the wire it jacketed , the metal surface was 
always blue, indicating probably the fracture of the enveloping oxide la} er, during 
cooling, but while still quite hot This behav iout is apparently closely related to 
the oxygen cone of the atm , for Armco iron generally yielded more perfect (i e 
smoother surfaced) symmetrical oxides m air than m oxygen, while an extremely 
perfect coating was formed during an oxidation at a much reduced press , about 
10 mm , followed by coolmg m vacuo The rate of oxidation, dW where 

W denotes the weight of oxygen , H, the thickness of the oxide , and t, the time 
Since all the oxygen which diffuses through the oxide la} er goes to increase its 
thickness, W is proportional to H, and dw i 'dt=k"jW, so that With 

electrolytic iron m oxygen, W 2 per sq cm per hour is 0 17 x KM at 700°, 1 00 X 1(M 
at 800°, and 6 5X1CM at 900° , with Armco iron m oxygen, If 2 is 1 95 X KM at 
800°, 10 1 X 1(M at 900°, and 43 0 X 1(M at 1000° , and with Armco iron m air, 
JF 2 is 1 06X10" 4 at 800°, 4 9xKM at 900°, and 20 5xl(M at 1000° The nature 
of the oxidation product is discussed below The quadratic rule that the quantity 
of oxygen which combines with the metal is proportional to the square root of the 
time of exposure is followed by iron m the earlier stages of the oxidation As soon 
as the thickness of the oxide mcreased much, the surface became rough, fissures and 
local super-oxidized areas developed, and erratic departures from proportionality 
resulted Armco iron oxidized at a consistently faster rate, and formed coatings 
which were, m general, smooth The oxidation of the Armco then followed the 
quadratic rule more closely The oxidation constant, k, for iron at a temp T° K , 
is approximately k=0 000028T -19 3 , and at 800°, X=0 000100, and at 900°, 
0*00065 grm 2 per sq cm per hour G Tammann and K Bochofi compared the 
thickness of films of oxide on iron with the thickness calculated from interference 
phenomena The subject was also studied by T Nishina, F H Constable, 
J S Dunn, and Y Utida and M Saito The last-named found for a 2 hours’ heat 
mg at 1110°, 1000°, 890°, and 770°, that iron wn:e gamed respectively 46 55, 36 03, 
14 05, and 5 38 mgrms of oxygen per sq cm According to J Jahn, with air at 

Moist air Dry air 

190 200 398 297 

Iron 751 1 753 3 747 5 753 9 mgrms 

Gam in weight 00 01 00 03 mgrrn 

W H J Yemon found that with copper, the rate of oxidation (tarnish ) curve m a 
humid atmosphere is parabolic, with zinc, linear , and with iron, the attack 
increases in speed as time goes on — Fig 385 
V I ArkharofE studied the X-radiograms of the 
process of oxidation at high temp , and A N Eos- 
sogovsky, the effect of the structure on the scale 
formation The heat-tmtmg of iron-carbon alloys ^ 2^ 


L Lowenherz, and H Haedicke — i nde supra 

The composition of the films is discussed in con- 565 — The Bate of the 

nection with ferrosic oxide According to J E Stead, “ * 

when iron is heated in air, or oxidizing gases, the 

surface layers appear to absorb oxygen which passes mto solid soln , and when 


was discussed by L Guillet and A M Portevm, 

J Czochralsky, F Robin, P Goerens, G Tammann <3 1 
and G Siebel, P Oberhoffer, F Reiser, T Turner, ^ 
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supersaturated the oxide falk out of soln forming separate granules of free oxide , 
these granules heroine hrger oxidation proceeds, and eventually join together 
to form continuous Ut hough there is a fairly sharp line of demarcation 

between the ox*de him and the metal below, the underlymg metal is also affected, 
fur the oxidizing ga^e^ hnd the mo*t facile passage into the metal m the boundaries 
between the cr\&t ik, and the gradual changes from solid soln to free oxide can be 
tr u ed along the oxidized junctions of the cry stals Fig 386 shows a longitudinal 
section + h rough m oxidized steel plate, with a scale of oxide at the top, and steel 
hf low 1 ht s miple w is etched with a cupric reagent, and the white lines indicate 
tht mterirr mular cxides , and similar remarks apply to the transverse section, 
hig «>7 whuh '•iiow'v the granular oxides between the crystals Hence, inter 
ur mul ir 1 nttlcne^ mu be det eloped in the iron It is also believed that sulphur 
<1 oxide, nitrogen, aid nidrouen can enter iron and steel along an intergranular 
p ith Word ng to E H Hemmgwa\ and G R Ensminger, after heating 1 01 
per rent cirbon stu 1 for b hrs at 1000'', there appeared on the surface delicate 
pe irhtic gnms representing a structure stable below the critical point Independent 
of this structure wa^ a second m & tem consisting of deeply marked polygonal crystals 



K< 386 — Longitudinal Section show Fig 387 — Transverse Section showing 
mg the Intergranular Penetration of the Intergranular Penetration of 

OiA gen m Steel ( v 50) Oxygen in Steel ( 50) 

representing y iron boundaries, and also a third system mdependent of either, which 
was thought to represent the boundaries of former y-crystals which had been 
absorbed by crystalhne growth This outside layer of carbon-free iron was very 
thm although with steels of lower carbon-content a layer of greater depth was 
obtained Ths out>ide la\er consisted of femte volatilized at the high temp 
and redepo^ited below the temp at which solid soln exists Any iron oxide existing 
on or m the steel would tend to cause decarbunzation by breaking down the 
cementite G T&mmann and H Bredemeier considered that the capillary cavities 
or channels, found in sound metals, probably following the lines where thr ee crystal 
grams meet, are responsible for the access of oxygen to the interior The porosity 
of the metal has been previously discussed F H Constable, J H S Dickenson, 
G V McCormick, W H Hatfield, F Korber, F Korber and A Pomp, H Scott, 
0 J Smithells and co workers, W Schroder, H Haedicke, and F S Tntton and 
D Hanson discussed the formation of films of oxide on iron, E C Rollason, 
intergranular corrosion , and J Cournot and L Halm, the effect of polish on the 
rate of oxidation 

U R Evans pointed out that m most cases where iron rusts while it is in contact 
with a liquid, the rust accumulates outside the pits , but in atmospheric corrosion, 
where the mam surface is dry , water may remain in the pores or pits produced by 
previous corrosion, and rust will be formed within the pore — cf Fig 388 The 
rust occupies a much larger volume than the metal producing it, so that (i) the 
pore or pit mav become plugged with rust and corrosion will cease — Fig 388 , 
(n) the liquid will be gradually forced out of the pore or pit by the press developed , 
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or (m) the press 'will cause the metal to disintegrate, and corrosion ’will penetrate 
further W ith pores perpendicular to the surface, the dismtegrvtion of the metal 
^ less lihel} to occur than where the pits run parallel to the surface as m rohefl. 
metal, Fig 389, where the corrosion produces flaking AGE Matheson di«*cu*sed 
the structure of the rolled metal J Newman discussed the tendenev for rapid 


AlkaU 
Rust 
Fe salts 



iio 388 — Atmospheric Corrosion 
plugging 



"esaits Fust Alkai 
Fig 389 — Atmospheric Corrosion 
flaking 


corrosion to occur in the £ sheltered crevices and nooks on structural s+eelwork , 
and E F Law, a failure due to the imperfect welding of a tie rod which led to the 
collapse of the roof of a London station Fault\ riveting m<t} produce local 
corrosion In all these cases, as U R E\ans showed, the crannies and nooks ma> 
become filled with water, and anodic corrosion bv differential aeration currents 
mav be induced 

L B Pfeil observed that when iron or carbon steel or allov steel is oxidized 
at a red heat, in air, it does not form a homogeneous deposit, but rather a senes of 
three layers (i) an outside layer consisting mainly of ferric oxide or a mixture of 
68 7 per cent of ferrosic oxide and 31 3 per cent of feme oxide , (u) a middle laver 
m a lower state of oxidation containing ferrous and ferric oxides m the proportion 
approximate!} 3 1 , and (m) an innermost layer, in contact with the unoxidized 
metal, is still richer m ferrous oxide The layers, of course, are not uniform m com 
position , it is probable that they vary in composition through their cross-section, 
becoming ncher in iron on passmg inwards Roughly, the outside layer occupies 
about 10 per cent of the total scale thickness , the middle layer, about 50 per cent , 
and the innermost layer, about 40 per cent when the iron has been heated from 
3 to 7 days m air at 1000° When the oxidation is severe, each layer can be 
separated more or less completely from the other la} ers, though it is rarely possible 
to separate the whole of each layer from the other layers and from the core There 
may be disturbances for instance, blistering affects the layer formation, and 
considerable fluctuations of temp , and the presence of certain impurities may 
spoil the three-layer deposit Ike scale is normally smooth, compact, and free 
from cracks and fissures in spite of the fact that the oxidation involves an expansion 
of the order of 100 per cent Foreign substances on the surface of the iron are not 
forced away by the formation of the scale, but they remain unmoved and become 
completely enveloped by the scale When the oxidation is slow, large crystals of 
the scale may be formed exhibiting plam crystal faces, so that sometimes the scale 
surface shows m high relief H C H Carpenter and C F Elam described the 
formation of crystalline deposits on iron heated in vacuo The} ascribed the scale 
formation to the occluded, oxidizing gases driven from the iron on heating, and the} 
added that the oxide of iron originally produced is isomorphous with a-iron, and 
the orientation of the oxide produced on any given crystal of iron is determined by 
the orientation of the a-iron itself L B Pfeil added that the scale formation can 
be produced on electrolytic iron, high- and low-carbon steels, alloy steels, and cast 
iron, provided the partial press of the oxygen is suited to the other experimental 
conditions It is almost immaterial whether the oxygen be supplied as gaseous 
oxygen at a low pressure, as an oxygen and inert gas mixture, as a reactive gas 
like COg, or as a compound, such as iron oxide, which gives off ox}gen owing to 
dissociation Variations m the appearance of the scale are mainly dependent on 
the form of the crystal faces There is good reason to suppose that a solid soln 
senes belonging to the cubic system exists at high temp over the composition range 
of crystalline scales Many different forms belong to the cubic system, the 
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commonest de\ eloped m magnetite being the cube, the octahedron, and the 
rhombododecahedron It is often found that the forms which develop m a substance 
•vary with the conditions (temp , press , etc ) under which the crystals grow 
Fig 390 is from a photograph of the scale crystals by L B Pfeil 

L B Pfeil showed that anv explanation of the scaling of iron must explain the 
formation of the crystals, and also how it is possible that the outer layers of scale 
on allov steels can be free from the alloying element The two outer layers of 
scale form a dense, glassy deposit, and the idea that iron, is progressively oxidized 
b’v the forcing of the already formed scale away from the metal core by the press 
exerted bv the new scale forming beneath does not explain the facts If oxygen 
molecules diffused along porous paths m the glassy scale — e g through cracks— 
oxidation would corrode the iron irregularly, and the oxidation at the bottom of 
a crack or porous place would automatically seal the oxygen path and oxidation 



Figs 390 and 391 — Crystals of Iron Scale ( x 10) 

tibere would cease N B Ming and R E Bedworth imply that the iron oxide 
act s as a earner for oxygen— the oxygen dissolving in the scale and diffusing through 
i to , ** fW® J H Whiteley, that feme cade 

w “ d re tf S ^ tte 11011 to torm ferrous oxide It 

m probaWe that the re is a continuous senes of solid soln over the maior portion 

dlSir^T ^ femo oade to ferrous oxide, with a grEfy 

cST 8 ^ 011 pressure 0n 60111 ^ *° th e lower oxygen- 

m m contact the air the soln will be ennehed 
m o^n’^rf 118 ® nn 5 ed ^7® Jill not be in equilibrium with that beneath, 
S forif feiCd« w reaches the non. «(k which it combined 
oxidation of iron or of i + T an( l 00 workers said that the nature of the 

It eleVated tomp which results m scaling, can be predicted 

steel m forging furnaces ^ mfluence of atm 81x4 tomp on the behaviqur of 

is fm-med ^^P?^® 618 to** toe outside of the scale is that which 

is formed first at the initiation of the oxidation, and that further oxidation displaces 
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the first formed scale bodily outwards He said At the interface of iron and 
scale, iron is being continually dissolved m the scale, so that the iron is converted 
into oxide for ming part of the scale deposit There is thus an outward diffusion of 
the iron through the scale to the interface of scale and air The outer part of the 
scale is thus the last to form, and the middle portion the first to form No volatile 
compound is known whose transitory existence would play such a part, and hence 
it is necessary to assume a counter current diffusion — iron diffusin g outwards and 
oxygen mwards through the scale deposit It is not of essential importance whether 
the iron diffuses as iron atoms or m some other form It is difficult to picture the 
diffusion of iron combined with oxygen (as ferrous oxide, for example) m a solid 
soln of iron and oxygen, and consequently for the sake of simplicity the diffusion 
of iron atoms has been described Reference has been made to the soln of iron m 
the scale It is immaterial whether the iron be converted into ferrous oxide first 
and then dissolved in the scale, or whether the iron dissolves directly m the scale 
The essential feature is that scale is normally unsaturated with iron, and that 
metallic iron will join such scale if the two are heated in contact In support of his 
hypothesis, L B Pfeil showed ( 1 ) that a scale of higher oxygen-content will gi\e 
oxygen to a scale of lower oxygen content , (n) that metallic iron is oxidized by a 
scale nch m oxygen , and (in) that iron can pass outwards through the scale to 
the surface 

Similar results were obtained by I Kotaira m the oxidation of cupriferous steels 
A Ledebur, L B Pfeil, and P Bardenheuer and K L Zeyen discussed the effect 
of carbon on the results The subject was studied by U R Evans and J Stockd&le, 
K Hofmann, O Lellep, G C McCormick, J H S Dickenson, and 0 Lutherer 
and E R Weaver Electromotive forces of relatively large intensity have been 
observed between the film and the metal, and the subject has been discussed by 
S Bidwell, S P Thompson, J Franz, J M Gaugain, H C F Jenkm, and 
C Barus and V Strouhal The effect may be thermoelectric, or galvanic in which 
the electrolyte is the solid film The oxidation of cast iron is accompanied by a 
marked increase m bulk — vide infra, the growth of cast iron 

Heat-resisting alloys — Alloy steels, etc , intended to resist oxidation at high 
temp were discussed by numerous observers 

L Aitchison,* 8 N Armann JR W Bailey H N Bassett A Bensel, G R Brophy, 
H C H Carpenter, P Chevenard, J D Corfield, J H S Dickenson J W Donaldson, 
T G Elliot and co workers, K Endell, F A Fahrenwald, H J French, E Schuz 
A Fry, J G&libourg, C Grard H Gruber B A Hadfield and co workers, H H Hams 
W H Hatfield O Hengstenberg and F Bomefeld, T Hoffmann, E Houdremont and 
\ E hmc ke, G H Howe and G R Brophy, CHM Jenkins and co workers, C M Johnson, 
H Jungbluth and H Muller, 

J F Kayser, F Korber and 
A Pomp, L Losana, A Me £ 

Cance, B S MacPherran, ^ 

C E MacQmgg, S A Main, <| 

J A Matthews, A Michel, ^ 

E Morgan, F K Neath, & 

T H Nelson, H D Newell, * 

A L Norbury and E Mor 
gan, W Oertel and A Sche ^ 
pers,A E Perkins H D Phil % 
lips, R J Piersol, E P Poste, 

W Bohn W Rosenhain and 
CHM Jenkins, R J Sar 
jaat B J Sayles, O Smalley, 

S W G Snook, L W Spring, Fig 392 —The Heat-Resistance of Metals 

L J Stanbery, J Strauss, 

W B Sullivan, R Sutton, C Upthegrove and D W Murphy and E Valenta — mde 
chromium iron alloys 

F A Fahrenwald reported the results indicated m Fig 392 for the resistance 
offered by various metals to high temp oxidation 

The scaling of iron similarly refers to the formation of a surface la} er of oxide 
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when iron or steel is heated m furnaces , iro) scale is thus distinct from rust m that 
one is forn id it an elevated temp and the other is formed at ordinary temp by 
surface oxidation The scaling of iron wis mv estimated bv H T Angus and 
J W loho,-* W H Blackburn md J W Cobb, J W Cobb, J H S Dickenson, 

J S Dunn, \\ H Ha+hvid, 0 LeDep, G C McCormick, C B Marion and 

J W Cob* R M’t che J H G Monvpennv, R Stumper, D W Murphy and 

co woriver> 4 L Norbuiv , J E Stead, W Schroder, and Y Utida and M Saito 
R L Kent on compared the high temp oxidation of Armco iron, and mild steel, 
exprewng the reMih> after heating the metal for different periods of time, as the 

rate of m almg m inches \ er 1 000 hr^ o\ er the entire period of the test 

hat It *“2 *S2<> <»14t) 79% 10 135 12 295 13,400 his 

Vrmr > 0t»l0> <*0099 OOObl 0 00472 0 0045* 0 00427 0 00391 

Mild Steel OOlll 0 0069* 0 <*0504 0 00584 0 00790 000751 0 00787 

The pttbng of n alltable ut±t iron was studied by F H Hurren, W H Poole, 
and f W Gardom According to D H Ingall and H Field, temp near 950° 
are most conducive to peeling The faster the rate of heatmg to this temp the 
greater the tendencv to peeling The peel consists of a la}er or layers of ferrite 
containing granules of free oxide as inclusions When this lav er is once formed, 
growth will occur wxth time and suitable temp conditions The phenomenon of 
peeLug is a result of oxidation, which commences between 900° and 940° Once 
this oxidation has begun, the growth of the oxide lav er is a result of a race between 
the rate of oxidation and the rate of carbon supplv from the interior 

The erosion of guns bv gases, etc , was discussed by F Abel and E Maitland/ 0 
P R Alger A E Beilis, 4. Bennington, E Berl, E Bravetta, H C H Carpenter, 
V ( har bonnier, 0 Cranz W Crozier, E Demenge, F A Fahrenwald, H Fav, 
M Graziani R H Greaves and co-worker*, J Harm}, H M Howe, H G Howorth, 
W J Huff, H Hugomot and H Sebert, H J Jones, W Klever, A Lanfro}, 
H H Lester, M Letang, D C McNair A Mallock, A Noble, M Ohochi, F Osmond, 
H Peloux E Piantamda, W 0 Roberts Austen, E B D Secondo, P Siwv , 
\\ W de Nveshmkoff, D K Tschernoff, T G Tullocb, L Vasseur, P Vieille, 
HEW heeler H E Yaraell, and A G Zimmermann J E Stead 31 studied the 
action of blast furnace gases on iron , U R Evans, and H B Dixon, the action 
of the products of combustion of coal gas , J Parker, the action of town gas , and 
A W Carpenter, L Losana, A Danzer Ischer, U R Evans, A de Waele, P Siedler, 
H F Jonr stone, F L Wolf and L A Meisse, 0 W Storey, W Gumz, and 
W H Hatheld, flue gases, exhaust gases from motors, air in railwa} t unn els, and 
the products of comoustion of coal Coal with chlorides {qv) corroded when coal 
without chlorides did not The presence of sulphur dioxide (q v) is a source of 
ripid attack 

Kie corrodibility of different kinds of iron and steel — Vide infra for the various 
allovs of xron The general effect of allovs on the corrodibility of iron and steel 
was diM’ussed bv P Kotzschke and E Piwowarsky 32 A Payen, andJ Newmann 
observ ed that grev cast iron corrodes more readily than white cast iron, or bar iron 
R Mallet ooserved the following results expressed m terms of the corrosion factor 


Wrought iron 

Sea 

water 

100 0 

Foul sea 
*ater 

118 6 

Foul mer 
water 

68 8 

Clear mer 
water 
12 3 

Cast non 

63 6 

20 5 

404 

99 

Chilled east iron 

644 

63 1 

512 

12 9 

Cast non (skin removed) 

77 6 

127 8 

644 

23 5 


The chilled metals are more susceptible to attack than the metal cast in green-sand, 
due, he supposed, to the exterior of the chilled casting not being homogeneous , he 
said that ‘ the voltaic action produced at the surface of chilled cast iron, by want 
of its homogeneity, increased Hie corrosion of the metal to a greater extent than its 
greater densitv and hardness, and small amounts of nncombmed carbon are capable 
of retarding corrosion, in comparison with other sorts of cast iron 99 Wrought non 
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corrodes faster than cast iron except m clea 1 ' river water In clear n\ er-w ater 
wrought iron is nearly as resistant as cast iron, and more so than chilled cast iron 
When the outer skin is remov ed from cast iron, it is more susceptible to corrosion, 
and it then approximates more closel\ to wrought iron L E Gruner found that 
cast irons and spiegeleisen resisted atm corrosion better than steels, but m sea water, 
steels were more resistant T Andrews found that cast irons did not re&i& f sea water 
<•0 successful!} as wrought irons and low carbon steels, although there is Lttle to 
choose between them and 0 5 per cent carbon steels J Aston and C F Burgess 
found the corrosion factors for the metals exposed to atm influences open hearth 
iron, 100 , Swedish wrought iron, 83 , open hearth steel, 91 , Bessemer steel, 65 , 
and medium grimed gre\ cast iron, 78 E H*vn md 0 Bauer observed for the 
corrosion factor*. 


Steel 

\V iou^,ht non 
Cast non 


l)i hilt J if« 
100 
103 7 
97 3 


i ip \» \tr r One per cent ViC 1 

100 100 

104 b 103 7 

93 2 98 6 


Observations on thib subject were made by W Ackermann D 4.dam&o , i, F Andrews, 
K Arndt, T H Baker L J Chapman F C Cahert J* Collins A S Cushman H D*egel 
G M Enos U R Evans J Farquharson, J D Ford, A G Fraser J A X Fnend and 
C W Marshall, W P Gerhard R Girard, L E Gruner J T Haddock, E Heyn and 
0 Bauer H M Howe VV E Hughes, B Kosmaim, O Krdhnhe, F Kupelwieser, Langbem 
Pfanhauser Werke, R C Me Wane and H J Carson, S Maximowitseh F Menne, 
M Meyer H Otto VV Palmaer, D Philhps, H Pilkmgton H S Rawdon, E L Rhead, 
\V D Richardson, M Rudeloff M Schromm, G Schumann J* Scott, F N Speller, 
D M Stuckland T N Thompson VV Thompson, B H Thwaite M Uellenhof, 
W H Walker G C and M C Whipple, W G VV hitman and E L Chappell, 
J H Woolson, and numerous otheis 

There are many differences of opnnon as to the relative merits of steel wrought 
iron, and cast iron in resisting corrosion H M Howe, for example, obtained the 
opinions of thirt} seven shipbuilding firms as to the relative corrodibilitv of wxought 
iron and steel , and of these, seven regarded steel as the more corrodible, eight 
regarded wrought iron as the more corrodible, and twenty two were uncertain, or 
considered that there was no preference T Andrews made tests extending over 
years, and concluded that wrought iron is decidedly the better material 
F N Speller preferred steel , R A Hadfield considered wrought iron better resists 
the action of sea water JAN Friend’s observations showed that the superiority 
of wrought iron, if it exists at all, is comparatively small H M Howe and 
B Stoughton came to a similar conclusion, but they found that steel was far less 
liable to pittmg An analogous conclusion was drawn by A S Cushman, J D Ford, 
G Johnstone, W Marriott, H Otto R Irvine, W H Gibson, A Schleicher, 
G J Snelus, F N Speller, T N Thompson, R H Games, H Wolblmg, 
W H Melaney, F H Williams, R Finkener, etc K Arndt found that whilst 
cast iron rusts uniformly over the surface, the rusting of wrought iron and mild 
steel is confined to local areas The difference is due to the adherent character of 
the protective oxide film on cast iron which is not readily dislodged by rust, whilst 
the film on wrought iron and steel readily scales off and allows the spongy rust to 
form Alterations of wetness and dryness are better resisted b} cast iron, and for 
the same reason W Parker found that various steels and wrought irons resisted the 
action of cold sea water to the same extent, but steels suffered more than wrought 
irons when exposed to London air , and steels differed as much amongst themselves 
in their resistance to corrosion as they differed as a body from the wrought irons 
M Rudeloff also exposed plates of wrought iron, acidic steel, and basic steel to the 
action of dry air, the air outside exposed to ram, etc , smoke, furnace gases, ditch- 
water, and sea-water The results showed as much variation amongst themselves 
as do steels as a class and wrought irons as a class A S Cushman, and L J Chap 
man said that wrought iron corrodes less than steel A G Frazer found acidic and 
basic steel plates resisted corrosion in air, river-water, and salt soln equally well , 
but in dil sulphuric acid, basic steel had the advantage W G McMillan came to 
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the same conclusion Close-grained cast iron is generally superior to steel and 
wrought iron , and, as emphasized by G Murdoch, and D Spataro, provided the 
metal is free from blow holes B H Thwaite compiled the available data for cast 
and wrought iron, and the relative values for corrosion are 

Clear Foul Clear City and 
sea water riier water i ver water sea air 

3 855 7 680 0 655 6 690 

3 386 2 034 0 604 2 637 

4 738 3 884 0 584 4 763 

Hence, the outer skin formed in the casting acts as a preservative coatmg M Mug 
dan found that steel beha'v es like soft iron, whilst cast iron always showed a greater 
tendenc> to rusting S D Carothers observed that m sea-air cast iron is less liable 
to rusting than plain carbon steel, but some varieties of cast iron break down rapidly 
Some results b> W H Hatfield are given in Table LIII — vide supra for the action 
of sea water on cast iron, etc R Girard found that with low concentration of acid, 
iron and steel behave similarl> , but at higher concentrations, polished iron is attacked 
more quickh than steel A Schleicher and G Schultz found with a rusty and a 
clean wrought iron plate immersed in water, the latter acts as cathode, and with a 
clean wrought iron and a cast iron plate, the former acted as cathode 


\\ rought iron 

r (skin intact 

Caat iwn )gkia rem<Ae d 


Fool 

sea water 
10 450 
350 
12 275 


Table LIII — The Action of Reagents on Different Varieties of Iron and 

Steel 



Hj drochloric add 

Nitric acid 

| Sulphuric add 

1 

A 

| 1 

1 

Cone 1 

1 

| Sp gr 

12 

N 

10 per 
cent 


W rought iron ! 

6-1416 ; 

I 1 

! 0 2217 

i 

0 1263 

0 6399 

0 1452 

0 36X0 


Mild steel 

0 0850 

1 0 1812 

01154 

0 5858 

0 1052 

0 1032 


Cast iron 

0 1340 ! 

! 0 3280 

01022 

0 1300 

0 1364 

01158 


High Si (tantiron) 

06007 , 

00009 

0 0003 

0 0008 

0 0010 

0 0006 


Stainless steel 

0-0638 

01799 

0 0111 

Nil 

0 0871 

01126 






Acetic 

Citric 

Ammo- 

Magnesium 



* Sea water 

\inegar 

add 
(S3 per 

acid 
(5 per 

niiim 

chloride 

chloride 
(1 per 





cent ) 

cent ) 

(5 percent ) 

cent) 

"Wrought iron 

0*0161 

0 0036 

0 0100 

0 2023 

0 1075 

0 0084 

0 0033 

Mild steel 

00150 j 

0 0047 

0 0032 

0 1492 

0 1458 

0 0124 

0 0036 

Cast iron 

0*0226 

0 0040 

01901 

0 4819 

01404 

0 0101 

0 0032 

High Si (tantiron) 

00002 

00005 

00004 

0 0003 

0 0012 

0 0003 

0 0004 

Stainless steel 

Ad 1 

2nl 

i 

Ntl 

0 0232 

0 0422 

0 0014 

0 0018 


Man\ purified metals are more resistant to corrosion than co mm erc ial metals 
This inertness ma} be due to the homogeneous nature of the material preventing 
an\ but \ er\ feeble corrosion currents being set up between different parts, or else 
a passive state being produced by the formation of a uniform, protective film 
L Losana and G Reggiam found tempering steel normally increases its resistance 
to corrosion B Lambert and co workers found that highly purified iron is not 
corroded in the presence of aerated water under conditions where or dinar y iron rusts 
rapidh H E Armstrong attributed this to passivity W E Hughes observed 
that electrolytic iron from a chloride bath quickly rusted, owing to the inclusion of 
traces of chlorides When iron is deposited from a sulphate bath, it did not rust 
when wrapped up m filter-paper, and stored m a box Observations on the 
«^parmit inertness of highly purified iron were made by D J Demorest,G P Puller, 
a b iiuraakoft and A N Aschnasaroff showed that the eutectic with alloys slowly 
cooled is coarse grained, and fine-grained if rapidly cooled The alloys in the former 
case were readily attacked by some reagents, while the latter resisted attack 
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Fig 393 — The Effect of Car 
bon on the Corrosion of Iron 
b\ Acids 


L Aitchison also found that man} metals which formed a solid soin with iron tend 
to reduce the attack by dil acid, and soln of sodium chloride, but metals which do 
not form such soln render the iron more susceptible to attack 

JAN Friend tested the action of aerated water on steels with between 005 
and 0 32 per cent carbon There is not a marked difference m the rates of corrosion, 
and the differences do not always follow the carbon- 
content In general, there is a slightly increased 
corrosion with an mcrease m the carbon-content of 
the steel This agrees with the result of L Aitchison, 
who found that steels having between 0 07 and 1 46 
per cent of carbon show ver} little difference m 
their resistance to corrosion m a 3 per cent soln 
of sodium chloride There is a maximum rate of 
corrosion near the eutectic with about 0 9 per cent 
of carbon 6 M Enos observed that the corrosion 
of steel by aerated distilled water is not much affected 
by the carbon-content The work of H M Howe, 

A Sang, A Ledebur, W D Richardson, G Dillner, 0 Krohnke, G Bardennauer 
and K L Zeyen, K Daeves, U R Evans and R T M Haines, H Otto and 
W Parker indicated that the resistance offered by steel to corrosion increases 
with the proportion of hardening carbon H Endo found the losses, expressed m 
grains per sq cm , during 5 his attack, at ordrnar} temp , with iron containing 

Carbon 0 0 31 0 52 0 64 0 96 1 16 132 141 percent 

{H,S0 4 0 00197 0 00270 — 0 00338 0 00470 0 00534 0 00702 0 00762 

Loss! HC1 0 00092 0 00210 — 0 00328 0 00401 0 00481 0 00568 — 

(HN0 3 0 07981 0 08079 0 08303 0 08590 0 08741 0 09135 0 09204 0 09074 

This shows that the losses with the three acids vary almost linearly with in- 
creasing proportions of carbon The rate of dissolution of steel is greatly influenced 
b} the state of the carbon, as well as b} 
the condition of the aggregation of the 
existing phases P Bardenhauer and 
K L Zeyen found that cast iron in which 
the graphite is coarsest is least attacked 
by JV-HG1, AT-H 2 S0 4 , and AT-CH 3 COOH, 
but no definite relations were observed 
with 2 V-HNO 3 , on the other hand, 

0 Kotzschke and E Piwowarsky ob- 
served that within the usual limits of 
graphite, the physical characteristics of 
the graphite have no effect on the metal 
m corroding media L Aitchison found 
that the corrosion by 10 per cent sul- 
phuric acid is a maximum on steel with 
about 0 9 per cent of carbon E Heyn 
and O Bauer observed that the state of 
the carbon in steel exerts a very great 
influence upon the rate of dissolution of 
the metal, at 14°-18°, m 1 per cent sul- 
phuric acid H Endo repeated the work, 
and his results are summarized by the 
curves in Fig 393 Here the losses m Fig 394 Action of Dilute Sulphuric 
, , ® _ mi Acid on Steels Tempered at Different 

weight are m grams per sq cm The T ratnree 

results with different periods of time are 

similar with steels with the 0 5 and 0 9 per cent carbon Thus, the rate of 
dissolution decreases up to about 150°, it then increases very rapidlv in two stages 
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-betw ten 15<t and 300 , and betw een 300 and 4i K > After passing the maximum 
it ibout 400 the dissolution decreases rapidh until it becomes nearl) constant 
m the ringe from 350'' to 700 H Endo ®aid 

The decrease of the dissolution up to abou + 1 50 is due to tht change of the retained 
austenite mto maitensite and also to the gradual change ot the a form ot martensite to the 
8 form From 170° the carbon dzssohirg in the martensite begins to set free parth as 
carbon itself and parth as ten fire paiticies of cemertite, the separation taking place 
most actrvelj at about 250 , hence the rapid increase of the dissolution The maximum 
dissolution at about 400 is due to the formation of cementite from the separated carbon 
and the ground mass of iron, and also to the coagulation of cementite particles to form fine 
crv stals, these changes producing t^e v erv fine structure known as osmondite The decrease 
of dissolution seen m the range of 400 to 550 maj be attributed to the coalescing of the 
cementite and to the reerv stallization of femte crystals which result m the reduction of the 
degree of heterogeneity of the structure, and the further gram growth of cementite abo\e 
550 has no effect on the corrosion 

E Heyn and 0 Bauer s observations were made with a hard steel having 

0 95 per cent of carbon, 0 35, of silicon , 0 17, of manganese, 0 012, of phosphorus , 
and 0 024 of sulphur One set of their curves for steels with different proportions 
of carbon and tempered at different temp , is shown m Fig 394 The} said 

The shapes of the cun es m Fig 394 rev eal some interesting features According to the 
opinions hitncrto prevailing and still held bv some the transition of the martensite of 
hardened b tef 1 into the pearhte of annealed steel is continuous throughout the intermediate 
stages of tempering Ihis would lead one to suppose that the curve of solubility in dil 
sulphuric acid instead of showing any sharplv defined peaks, would form a lme indicating 
the gradual transition from the solubility ot martensite to that of pearlite The curve 
howev er, runs up to a sharplv defined maximum at a temp of 400 The simplest and most 
obvious explanation of this phenomenon is as lollops The transition of the martensite 
from the unstable phase below 700° into the stable phase of pearhte due to tempering does 
not proceed directly bat indirectly through an intermediate metastable form to which the 
name of osmondite has been given Osmondite is the most soluble of all the forms inter 
mediate between martensite and pearhte 4s the tempering temp gradually increases 
the martensite first gradually changes into osmondite, until at 400° the whole mass consists 

01 this alone In order to prevent confusion m nomenclature the term troostite has been 
rctair ed tor the designation of the intermediate states between martensite and osmondite 
and for tf e stages intermediate between osmondite and pearhte the term sorbite is used 
It the tempering temp is raised above 400° there again occurs a gradual transition from the 
readil> soluble osmondite to the less easilv soluble pearhte Such transitions from a pre 

Iixnmarv condition to a stable final condition, 
through one or more less stable intermediate 
conditions, are of not infrequent occurrence m 
physical and chemical processes Another re 
markable point is the low value for the solu 
bility at a tempering temp of 100°, which 
differs little from that of untempered steel 
The variation lies however, within the margin 
of error for the process so that whether still 
another metastable form occurs is not yet 
proved 

T Matsushita and K Nagasawa s re- 
sults with 1 per cent sulphuric acid are 
shown m Fig 395 E Heyn and 0 Bauer 
observ ed that a definite maximum occurred 
_ when the percentage of carbon was only 

Temper ng Qr&™cabrg q 07 ? with mild steel, there was a minimum 
Fic 395 — T1 e Action of Dilute Sulphuric on the solubility curve for the quenching 
T " np " ed at temp 1000'’ to 1050% and also two maxuna 

“ respectively at 850" to 950°, and 1100° 

to 1230 The solubiht} of tempered carbon steel m dil sulphuric acid rapidl} 
decrease® when the tempering temp lies between 450 and 500 n , and from 550° 
upward^ there in no appreciable change of solubilit} up to the Ac r pomt, indi- 
cating that the coagulation of the pearhte is almost complete at 550° T Mat- 
sushita and k Xagasawa accordingly classify the temper structures of quenched 
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steel 100 3 to 3O0 -martensite and troostm , 300 troostite, 3m to 4m — 
troo^tite and sorbite, 4(KT sorbite (osmondite) , 400° to 350-snrtate and 
granular pearlite , and 550" to the \c r pomt— grv idar pearlite C Chappell 
examined the influence of carbon on the cnrrocbbilm of the following steels 


v 1 

No 2 
No 3 
No 4 
No 5 
No 0 


Cirbwi 

Silicon 

M lgirfSc 

0 10 

0 010 

0 091 

0 24 

0 037 

0 072 

0 30 

0 030 

0 0^4 

1 55 

0 053 

0 100 

0 81 

0 048 

0 168 

0 96 

0 01$ 

0 133 


sn pi ur 

Fh^ph t i 

41 n null 

0 030 

0 011 

(♦02 

0 028 

OOls 

— 

0 021 

0 012 

_ 

0 020 

oor 

U 03 

0 02S 

0 01b 



0 027 

0 014 

(♦02 


The results are indicated m Table LI\ The corrodibility of rolled, nonuJized, 
and annealed steels rises to a maximum as the proportion of carbon mcrei'ps to the 


Tajble LIV — Ihe Effect of Carbon on the Cobbobibiuti n^fl b\ 

Sf\ water at 12° 


Treatment 

Steel 

1 Carbon 

per cent 

Lo sc after <U d*. « 
imme «ion perct r 

I a. a ter ch 

h *ur kd pc’* cent 


i 

j 0 10 

U 366 

0 7o2 


, 2 

0 24 

0 424 

o 803 


3 

0 30 

0 41b 

0 801 


4 

0 53 

0 425 

0 848 


5 

0 81 

0 481 

0 941 


6 

0 96 

0 461 

0 8M 

Normalized at 900° and 

i 

0 10 

0 424 

0 78b 

cooled m air 

i 2 

0 24 

0 433 

0S12 


3 

0 30 

0 435 

U 827 


4 

055 

0 515 

0 974 


5 

0 81 

0 588 

1088 


6 

0 96 

... 

| 0 512 

1042 

Boiled 

1 

0 10 

0 399 

0 743 


2 

0 24 

0 385 

0 758 


3 

0 30 

0 375 

0771 


4 

0 65 

0 478 

0 872 


5 

0 81 

0 508 

0 855 


6 

0 96 

1 0 456 j 

0 862 

Quenched from 800° m 

1 

0 10 1 

! 0 413 ! 

0 771 

water 

1 2 

0 24 

1 0 543 ' 

om 


! 3 

0 30 

0 534 

0010 


i 4 i 

055 

0 564 

1088 

i 


0 81 

0 603 

1 124 

i 

i 

! 6 

0 96 

0 671 

1 119 

Quenched from 800° 1 

1 

0 10 

0 337 

0 699 

tempered at 400° 

2 

0 24 I 

0 384 

0 803 


3 

0 30 1 

0 477 

0971 


4 

0 55 

0 560 

1067 


5 

0 81 

0568 , 

1 111 

— _ i 

6 

0% | 

0 591 

1 184 

Quenched from 800° 1 

1 

0 10 

0 391 

0 754 

tempered at 500° 

2 

0 24 

0 398 



3 

0 30 i 

0 447 



4 

0 55 

0544 

0 903 


5 » 

0 81 

0 568 



• i 

0% 

0 570 

0 956 


sat pomt 0 89 per cent carbon, and it decreases with a higher proportion of carbon 
With quenched and tempered steels, there is a cont muons increase in corrodibility 
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as the proportion of carbon rises to 0 96 per cent , and no maximum appears 
Quenching increases the corrodibility to a maximum , annealing tends to reduce 
it to a minimum g and normalizing gives intermediate values In agreement with 
the results of the action of dil sulphuric acid, tempering reduces the corrodibihtv 
of quenched steek, and the extent of its influence varies with the tempering temp — 
vide supra, chemical properties, and corrosion of iron C Chappell and F Hodson 
showed that the corrodibility of steel mcreases as the percentage of carbon increases , 
that hardened steels are less liable to corrode than annealed steels The subject 
w as studied by L Atchison, 0 Bauer and 0 Vogel, C Chappell, V Duffek, 
6 M Enos, and R A Hadfield and JAN Friend W Schreck observed that 
graphite m cast iron mcreases the rate of dissolution in acids , whilst P Bardenhauer 
and K L Zeyen, and P Kotzschke and E Piwowarsky observed that the mode 
of graphitic separation and the quantity per cent area did not affect the corrodi 
bility of cast iron — tide local elements The effect of various alloying elements 
on the corrodibility of non was discussed by G F Burgess, A S Cushman, G Del 
bart, "V Dufiek, E Piwowarsky, R Girard, H Baumeister, etc — mde the alloys of 
non 

M Rudeloff mquned if rusting affected the mechanical properties of the under 
lying metal, and found that rusting diminishes the elongation of the metal, and this 
diminu tion is relatively the greater the greater the degree of elongation of the metal 
before rusting The tensile strength is also diminished, and the degree, as also m 
the case of the elongation, appears to be proportional to the duration of the rusting 
The degree to which the wires could be bent and twisted was most seriously affected 
by rusting at the commencement After seven months’ exposure to rusting this 
seemed to have almost entirely ceased to have any influence on these last mentioned 
properties Rusting also rendered the wires distinctly brittle, while the reduction 
of area had been diminished by as much as 10 per cent in the worst portion 

The effect of mechanical treatment on the corrosion of iron and steel has been 
examined by T Andrews 34 who concluded that the effect of stresses of various 
kinds— tension, torsion, and flexion — on the corrosion of various lands of iron and 
steel is to make the unstrained metal electropositive to the strained metal, so that 
the unstrained metal was less liable to corrosion than the strained metal 
W H Walker and C Dill, and 0 Chappell and F Hodson, came to the same 
conclusion, hut the \ery opposite conclusion was drawn by C Hambuechen, 
T H Turner and J D Jevons, B Garre, J H Whiteley and A F Halhmond, 
R A Hadfield, C H Desch, C F Burgess, and H Endo —vide supra G D Ben 
gough and co-workers considered that the effect of internal strains is of minor 
importance m the corrosion of metals in distilled and industrial waters G P Fuller 
said that the high resistance of electrolytic iron to chemical corrosion is further 
increased by cold-work P Brernl found that the corrosion of cast copper steels 
is less than with rolled steels, and he attributed the phenomenon to the greater 
fineness of the rolled steel Observations were also made by M F Cloup, and 
A Portevm According to T W Richards and G E Behr, if a difference of 
potential does exist between the strained and unstrained portions of a rod, the effect 
must be extremely small JAN Friend said that st rain ed portions of a metal 
may sometimes act as anode, and at other times as cathode — vide supra 

The distribution of corrosion m a manner dependent on the stresses is often 
ascribed to the change of potential produced by the stress Thus, W Spring, and 
W H Walker and C Dill have shown that anemf can be produced from a cell of 
the tvpe Cold worked metal { Salt soln j Annealed metal, and the cold-worked 
metal is usually the anode or attackable pole Similarly, an unequally annealed 
piece may behave in this respect as if it were composed of two different metals 
U R Evans, indeed, showed that corrosion may follow the highly deformed parts 
where capillary ch an nels are also laid open — vide supra C Bams concluded that 
in rupturing a piece of iron, “ as much as one-half of the work done in stretching 
up to the limit of rupture, may be stored up permanently 55 in the strained iron 
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Tlus energy will be released when the metal is oxidized, and hence, other thmgs 
being equal, the strained metal will be attacked more readily, the potential of the 
strained metal increasing with the strain C F Burgess, C Hambuechen, E Heyn 
and 0 Bauer, and JAN Friend found this to be the case in acidic media, and 
the results, summarized m Fig 396, show that the rate of corrosion mOl per cent 
bulphuric acid is roughly proportional to the elongation of the steels'with up to 1 35 
per cent of carbon Incidentally, the steel with the eutectic proportion of carbon 
was the most readily dissolved JAN Fnend also exposed the same steels 
in neutral water — e g m tap-water, artificial sea water, and with alternate wet 
and dry exposures — and observed no appreciable difference m the results with the 




Fig 396 — The Effect of Strain on the Fig 397 — The Effect of Tensile 

Corrosion of Steel by Dilute Sul Strains on the Corrosion of Iron 

phuric Acid 


strained and unstrained metals, although some alloy steels showed a difference 
G Tammann observed generally that, other thmgs being equal, metals are less noble 
after cold-workmg, that is, they are more readily attacked after bemg hardened by 
strain than when in the soft state If the reverse results are obtained, other dis- 
turbing factors may be mvolved — gram size, etc 

H Endo found the losses in weight, m grams per sq cm , during 72 hrs ’ action 
in 1 per cent sulphuric acid, at 25°, of portions of broken test-bars cut in 1, 2, 6 

centimetre-portions from the tensile fracture The maximum tensile stress — 
kgrms per sq cm — of the carbon alloys, and of Armco iron — free from carbon — 
were 

Carbon 0 01 03 05 07 09 11 13 per cent 

Stress 3260 3600 5140 5560 7360 8600 7970 7660 


The results showing the effect of tensile strains are plotted m Fig 397 The 
amount of corrosion runs parallel with the amount of deformation so that where the 
stress is greatest, the greatest corrosion occurs, and this with a steel contammg 
0 9 per cent of carbon steel The effect of carbon is shown more clearly m Fig 398 
where the tension refers to the portion nearest the seat of fracture The results 
with torsional strain are s imila r, the loss m weight, m 72 hrs m 1 per cent sulphuric 
acid at 25°, increases with the amount of torsion The maximum los§ also occurred 
with the 0 9 per cent carbon steel The effect of carbon is more clearly shown m 
Fig 398 where the torsion was obtained by twisting the test-piece through 720° 
The most severe attack by the acid occurs where the twist is greatest In agreement 

with this, B Garre observed that the rate of dissolution of iron m dll sulphuric acid 
increases linearly with the number of twists to which the metal has been subjected 
Twisted rods become softer after being immersed in 1 per ceno sulphuric acid 
The annealing of a piece of bent iron decreases its rate of dissolution in acid, but not 
so much as to make it dissolve at the same rate as the unbent metal 
VOL xm 2 H 
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H Endo also examined the effect of compression strains, and found that the 
losses, expressed m grams per sq mm during 72 hrs ’ action of 1 per cent sulphuric 
acid at 25°, here increase with the load, but the maximum effect was not obtained 
with the steel containing 0 9 per cent of carbon With impact strain, the effect 
of a number of repeated impacts small enough to cause no permanent deformation 
is inappreciable 



Fig 398 — The Effect of Torsional 
Strains on the Corrosion ot Iron 



Percent of carbon 


Fig 399 — The Effect of Carbon on 
the Corrosion of Steel under Tensile 
and Torsional Strains 


J H \\ hitele\ and A F Hallimond found that the products of the reaction of 
“ and coId worked iron on nitric acid, with 33 5 grins of HNO* per 100 c c 
at 100 , are \ err different Thus, using 0 3 grin of iron 


Harm n enng, , ? 0 1 'r aI , . 
^(Cold worked 

*0 

96 0 

500 

10 

20 

>2 

30 

50 

*h 3 

1 2 c c 
16 7 „ 

Drilling l? 0 *®* 1 , , 

6 1 Cold worked 

75 0 

55 0 

20 

40 

60 

46 

55 , 
13 0 „ 

WuedraW? 0 ,? 0 ® 1 , „ 

66 0 

35 

70 

7 5 

\ Cold worked 

46 0 

20 

70 

* w 19 

15 4 „ 


a weigm OI iron consumed m forming the nitrogen and 

^7H\0 and 8Fe 

H-NOj— oFe(E0 s ) s -(-3NH 3 +9H £ 0, and as absciss®, the cone of the acid in 

te — _ — grams per 100 cc, a curve 

I ! . \ ■ , ' | \ | characteristic of the reaction 

• ^ 7s‘‘ Aj | 1 i 1 K obtained and it can be 

■ ^ i — , — j u , l 1 termed the reaction curve 

•, 5 . ,Y Wire deformed bj twisting 

' ^ I "vV" i or drawiI »g yields progres- 
s' 50' 1 — — — — — ! — i si veh advancing reaction 

^ r- , curves The measured dif 

g ■+ t 5 * | ferences m the composition of 

£ . \ the gases are produced b> an 

I amount of energy which, if 
20 i-' ' ' N developed as heat, would not 

!0 a Kt t to 5 ttf to’ mse the temp of the material 

lag- tf uirb*, cycles log tf number of cycles bj 1° The results for twisted 

o 400 Tike Fatigue and Corrosion Fatigue Tests ***<1 drawn wires are taken to 

of Iron Carbon Alloys show that cold-working takes 

wife mST 1 2"“ ■"* ™ into JZZSJkS tSLP, US 

(n> the mstal structure is progressively broken up wrth the production trf the 


30 0033XC' 


-\V-< 


jClT 6 ' v v rf~inr # 

lag of wbn tyc’es lag cf number of cycles 

Fig 400 Tlie Fatigue and Corrosion Fatigue Tests 
of Iron Carbon Alloys 
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so called anorplious material The effect of cold work is removed bv annealing 
%t 520 r The energ} differences due to differences in gram size produce no 
appreciable difference m the reaction curves with nitric acid J H \\ hitelej and 
A F Hallimond also examined some carbon steels and found similar result 4 - 
Thev also inferred that the ferrite component of pearlite is m a parth strained 
condition 

Observations on the simultaneous effects of stress and corrosion were made bv 
H Baucke, H J Gough and D G Sop with, N P Inglis and G F Lake, 
E Jonson, W P Jorissen, A P Hague, G D Lehmann, and R R Moore 
j) J McAdam observed that when metals are simultaneously subjected to 
corrosion and fatigue, failure may occur at stresses far below the endurance 
limit — fatigue test — and the effect was designated corrosion fatigue Severe 
corrosion prior to fatigue, lowers the fatigue resistance much less than a slight 
corrosion simultaneously with fatigue The damaging effect of corrosion is greater, 
the harder the steel The following represent some of the results of the static and 
endurance tests obtained when the corrosion was due to a fresh, carbonate water , 
and with metal ranging from mgot iron with 0 033 per cent of carbon through Oil 
to 1 09 per cent carbon steels 


Carbon 

Tensile strength 
Elongation 
Reduction area 
Fndurance limit 
Corrosion fatigue 


0 033 

0 11 

0 

24 

0 30 

43 900 

46 400 

59 j 

,200 

79 200 

45 5 

47 5 

37 

8 

313 

75 0 

72 0 

59 

0 

48 7 

24 000 

25,000 

27 

000 

34,000 

20,000 

16,000 

16 

000 

25,000 


0 4:9 1 09 per cent 

82 900 103 400 lbs per sq m 
27 8 29 5 per een* m 2 ms 

43 7 50 8 per cent 

34.000 42,000 lbs per sq in 

23.000 23 000 


The fatigue tests were conducted with 1450 revs per minute The abscissae of 
Fig 400 represent the logarithm of the number of rev olutions, and the ordinates, 
the stresses H W Gillet, B P Haigh, A P Hague, G D Lehmann, A M Binnie, 
F N Speller and co-workers, N P Inglis and G F Lake, and T S Fuller also 
studied corrosion fatigue , and 4 M Bmnie, the effect of oxygen on the corrosion 
fatigue 
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§ 26 The Valency and Atomic Weight o! Iron. 

According to H E Roscoe and A Harden, 1 J Dalton’s note books show that, 
m 1804, he gave 16 (oxygen 7) for the at wt of iron , in 1806, he gave 40 , m 1^07’ 
50 About this period, on the assumption that the ferric alums are isomorphous 
with those of aluminium, so that the isomorphism rule is applicable, the atomic 
weight of iron calculated from the ratio 2Fe FeaC^, by J J Berzelius (1811) was 
54 27 , bv J L Gav Lussac, 56 6 bv J Davy, 55 96 , bv G Magnus, 54 25 , by 
W H W ollaston, 55 2 , and bv F Stromeyer, 55 6 The assumption that the 
at wt of iron is m the vicinity of 56, and not a multiple or submultiple of tbs 
number, is m accord with the sp ht rule, the isoraorpbsm rule, and the periodic 
law The position of iron and the elements of the same family group m the 
periodic tabic has been discussed by D Balareif, E H Buchner, G Oddo, H Teudt, 
E Thilo, and R Vogel 

Iron is usually erther bivalent or tervalent, and A Laurent and C Gerhardt 
distinguished the two forms by using the terms ferrosum (Fe=28) and ferncum 
(fe— § of 28) for the eq of iron m the ferrous and ferric salts respectively, so 
that the corresponding sulphates were represented (Fe 2 )S0 4 and (fe 2 )S0 4 , re 
spectively Tbs was discussed by A Scheurer Kestner, A Wurtz, and 
M d’A Albuquerque 

The bivalency of iron is not so well established by the vapour density of ferrous 
chlonde, since below 1300° the data agree with the assumption that there is a 
balanced reaction Fe 2 Cl 4 ^2FeCl 2 , but mol wt determinations in bismuth 
trichloride and m pyridine, according to A Werner, indicate that the molecule is 
FeCl 2 , so that the associated molecules, Fe 2 Cl 4 , are probablv constituted 

Fe <cfcS> Fe 


The metal might he octovalent m the tetracarbonvl. Fe(CO) 4 , and decavalent m the 
pentacarbonvl Fe(CO) 5 , but it is more probable that the iron is here bivalent, and 
that the bivalent carbonvl radicles are arranged m closed chains — 5 39, 27 The 
bivalencv of the iron m ferrous sulphate is confirmed by its isomorphism with the 
corresponding salts of copper, magnesium, and one The ferrous salts are readily 
oxidized to feme oalte, where the iron is tervalent M Traube assumed that the 
atom of iron is bivalent The tendency of the iron m the ferric salts is indicated 
b> the vapour density of feme chlonde which was found by V Meyer to agree 
with FeCl 3 at temp between 750° and 1077° , below these temp , the formula was 
found bv H St C Deville and L Troost to agree with the formula Fe^e, so that 
there is a region where balanced reactions FeoClg^FeCls obtain "* Accor ding 
to P T Muller, feme chlonde is ummoleeular, FeCl s , in pyndine, alcoholic, or 
ethereal soln 6 Urbam and A Dehieme found that a soln of feme acetylace- 
tonate in benzene has a mol wt m agreement with Fe(C 6 H 7 0 2 ) 8 The tervalency 
of iron is also confirmed by its replacing al uminium m the alums Ferrosic oxide 
is regarded as a ferrous femte, FefFeO^j, where Fe^ is regarded as an acidic 
anhydnde W Kuster suggested that the iron m hsemaglobin is bivalent, but 
Manchot said that a tervalent iron atom better explains the facts The ferrates, 
M 2 Fe0 4 , are usually taken to illustrate the sexivcdency of iron, and they are regarded 
bv J Beckenkamp, G Gruhe and H Gmelrn, F Haber, and W Pick as salts of 
the unknown acid anhvdnde, feme tnoxide, FeQg M Traube also said that there 
is a doubled atom, or a sexivalent radicle The compounds Fe0 2 and Fe 2 0 5 have 
been discussed bv W Manchot and O Wilhelms, and L Moeser and B Borck— 
mde infra D K Goralewitsch supposed that m the perferrates, M 2 Fe0 5 , the iron 
atom is octoadent V» C Bray and M N Gonn discussed the possibility of the 
existence of a quadrivalent form of iron 
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W Manchot and co workers assumed that the iron m Roussin s red and black 
^alts — 8 49, 35 — is present m a unucdent state, the same h\ potheais had been 
previously suggested by I Bellucci and P de Cesans On the other hand L Cambi 
and co workers, and H Reihlen and co-workers mamtain that the iron atom is 
here not univalent, but that these salts can be regarded as h\pomt rites of ter\ alent 
iron E Drechsel, S H Emmens, and W G Brown ha\e tried to make iron 
quadrivalent m ferrosic oxide, and mdeed in the other oxides , and \\ C Bray 
and M H Gonn explained some reactions— e g the oxidation of ferrous salts by 
hvdrogen dioxide, and the reduction of feme salts by stannous chlonde — on the 
assumption that quadrivalent iron is formed as an intermediate compound The 
work of L Wohler and co-workers on the equilibrium relations of the oxides with 
hydrogen is m agreement with the bi- and ter valency of iron in these oxides The 
\apour density of feme chloride under certain eondit ons appears to support the 
quadrn alent hypothesis for the doubled molecule Cl 3 Fe-FeCl 3 , but the doubling 
of the molecule is attributed by R F Wemland and co workers and P Pfeiffer to 
the effect of the auxiliary valences of the halide^ 


, 01=01 s 
Fe^01=Cl-Fe 
X €i=Cl 

According to A Werner, the co-ordination number of iron is 6, ab m the complex 
salts M 3 [FeCl 6 ], M 3 [FeCy e ], etc , but F W Hinnchsen and E Sachsel added that 
this hypothesis does not explain the existence of salts of the tvpe FeG 3 3CbC 1 H 2 0 
G F Huttig is in favour of A Werner s assumption , nd H Le^heim and 
co workers added that m Fe n -eompounds the co ordination number is 4 or 6 , 
m Fe m -compounds, 6 , and m the Fe vx -compounds, 4 F Ephraim and E Rosen- 
berg, and P Pfeiffer added that in some compounds, (Fe^(NH 3 ) 3 "[0 CO C 6 H 6 2 , 
the co-ordination number is 8 , R F Wemland and co-workers, and P Pfeiffer 
consider that in some complex salts — e g M[Fe m (H 2 0) 12(804)2], and [Fe lI (H 2 0) 12 ]- 
[Bi 2 G 7 ] 2 — the co ordination number is 12 F Holzl, and P Pfeiffer studied this 
subject 

H \\ eden discussed the complex salts of iron with \ arums organic com- 
pounds P Ray investigated the conditions of stability of the co-ordination 
< ompounds E Hartley, and W Thomas obtained an optically active potassium 
ferric oxalate , K 3 [Fe(C 2 0 4 )3] 3H 2 0, etc , and F Blau, and A Werner optically 
active complexes of ferrous bromide, iodide and tartrate with tn-a-dipyr%dyl 
ferrous bromide, iodide , and tartrate , e g [Fe(Dipyr) 8 ]Br 2 6HgO, etc The subject 
was discussed by T M Lowry 

E Donath and J Mayrhofer studied the relation between the affinity and density 
of the elements , T Bayley, the affinity of the elements Cu, Fe, Co, Ni for oxygen as 
shown by the colour of the compounds , F Ephraim, W Blitz, and A Werner, the 
relation between the affinity and the temp of decomposition of the a tnmm es from 
which it is inferred that the a ffini ty of ammonia for the central atom is m the 
order Ni>Co>Fe>Mn>Cu>Cd>Zn>Mg , and H Moissan, and M Berthelot, 
the relation between the affinity and heat of formation from which it is inferred 
that the order is Cr, Mn, Fe, Co, Ni 

A review of the early observations on the at wt of iron was made by A C Oude 
Tnanfl T Thomson made a study of the subject m 1821 In addition to 
the analyses indicated above, based on determinations of the composition of feme 
oxide, some later observations were made on the oxidation of iron, 2Fe Fe 2 0 3 , 
thus, J J Berzelius (1844) obtained 56 05 , L F Svanberg and E C Norhn, 
55 83 , and E J Maumene, 56 00 , while other observations were based on the 
reduction of feme oxide m hydrogen to give the Tatio Fe 2 0 3 ^2Fe Thus, 
H W F Wackenroder obtained 55 97 , L F S\anberg and E C Norlin, 56 09 , 
0 L Er dmann and R F Marchand, 56 03 , and L E Rivot, 54 25 J Toney 
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obtained 55 777 for the at wt calculated from the eq of iron obtained by measuring 
the v olume of hydrogen evolved when the metal is dissolved m an acid 
J B k Durn- analyzed ferrous and ferric chlorides, and obtained from the ratio 
Fel 1 2 2Ag 56 09 and from the ratio FeCI 3 3Ag, 56 23 C W inkier also titrated 
i soln of iodine m pota^ium iodide before and after iron had been dissoh ed therem 
The \ due of the ratio I 2 Fe so obtained corresponds with the at wt , 56 21 
O Homgsthimd and co worker^ obtained from the ratio FeCl 3 3Ag, 55 852, and 
from thr ratio Fetl 3 3AgCl, 55 854 

The rt duct ion of ferric oxide by hydrogen was examined by T W Richards and 
G P B ixter, and found to be affected by several errors which, when eliminated, 
gut for the ratio Fe 2 0 3 2Fe, an at wt , 55 887 , while G P Baxter and 
< 1 R Hoo\ er s ob^en ations with the same reaction gay e 55 847 The results were 
discussed bv R Ruer and J Kuschmann There is a doubt as to the stability of 
the ferric oxide between 1050° and 1100 , since 5 grins , preyiously heated to 
const mt weight m oxygen, lost 0 2 mgrm when ignited m air The> assumed that 
thi A idler weight was due to adsorbed oxygen whereas the observations 
of R B Sosman and J C Hostetter showed that the higher v alue was more 
probably correct ^mce the lower value is due to a slight dissociation of feme 
oxide into ferroMC oxide and oxygen This reduces the value 55 847 to 55 840 
G P Baxter calculated from the ratio FeBr 2 2AgBr, 55 833 , and from the ratio 
FeBr 2 2Ag, 55S42 The early calculations gi\e higher values because a 
different v alue was taken for the at wt of sih er G P Baxter, T Thorvaldson 
and \ Cobb obtamed for FeBr 2 2Ag 55 838, and for FeBr 2 2AgBr, 55 838 
using terrestrial iron and with meteontic iron, G P Baxter and T Thorvaldson 
ob + lined respectively 55 837 and 55 836 by rejecting two results of doubtful 
value A Bilechi discussed the at wt of iron F W Clarke calculated for the 
best representative value for the at wt of iron, 55 880 , while the International 
Table for 1031 gave 55 84 G D Hmdrichs, and M Gerber discussed some 
relations of the at wts 

The atomic number of iron is 26 F Sanford 2 discussed the relation between 
the at number at charge, and the physical and chemical properties of the element , 
A F Scott the relation between the at number and the properties of the ions in 
the cTv-tal lattice P \ masse, the molecular numbers, and J D de Barros 
the nuclear numbers F W Aston observed isotopes corresponding with at wts 
56 and 54, the ratio of the two being approximately as 20 1 when estimated 
from the intensities of the Imes The subject was also discussed by W D Harkins, 
md F H Lorong The atomic disruption of the atom b> bombardment with the 
a particles was ob«er\ed by G Kirsch, H Petterson and G Kirsch, R Holoubek, 
G btetter, W BotheandH Franz, A Wegench, J D Cockcroft and E T S Walton, 
and H Po*e , but not by E Rutherford and J Chadwick, or C Pawlowsky 
R A Millikan and G H Cameron discussed the possible synthesis of iron by the 
action of cosmic rays The electronic structure, according to N Bohr, is (2) for 
the K shell , (2, 2, 4) for the L shell , (2, 2, 4, 3, 3) for the M-shell , (2) for the 
N she9 , and W Gerlach suggested that of the 26 electrons there are 2 m the 
X shell , 14 m the M shell , 8 m the L-shell, and 2 m the K-shell The subject 
was discussed by X Akuloff, H S Allen, A E van Axkel and J H de Boer, 
8 J Barnett, M de Broglie, B Cabrera, A H Compton and O Rognley, 
K T Compton and E A Trousdale, P D Foote, W Gerlach, E H Hall, 
\\ D Harkins, A W Hah, L C Jackson, M Earnura, H Lessheim and co-workers, 
G A Lindsay andH R \ oorhees, J CL McLennan and co-workers, R A Millikan 
and G H Cameron, J W Xicholson, C D Niven, H Perlitz, H Eyrrng and 
A. Sherman, G I Pokrowsky , P Ray,W H Rothery, R Samuel and E Markowicz, 
H Shoji, J D M Smith, J C Steams, E C Stoner, R Swinne, F Wachter, 
P Weiss, L A Welo, T D Yenson, and L Zehnder A T Williams discussed 
the relation between the \alency and spectral raultiplets , P Vinasse, the relation 
between the electron arrangements and the fusibility , B Swinne, the ferro 
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§ 28 The Passivity o! Iron. 

Ferrum peculiarem monstrat indolem Lamina polita hujus metalli mallftfl egregie 
obedientis, argents solution! iromersa per phires hebdomads? mullo visibili modo mutabatur 

T Bebgman 

Towards the end of the eighteenth centurv , T Bergman, 1 in his essay, De 
diver 9a phlogjs*i quantitate in metaUis , observed that when a prece of iron is immersed 
m a soin of silver m nitric acid no \iMbie change occurs although the affinity of 
iron for the acids in general is known to be much stronger than that of sil\ er E\ en 
with regard to mtnc acid, other experiments evince the superior affinity of iron, 
for, as iron precipitates copper from this acid, and copper precipitates siher, we 
must infer the greater affinity of iron than of silver In some cases, however, 
instances of precipitation occurred, which he attributed to the pec ulia r quality of 
the varieties of iron which he then employed Observations similar to those by 
T Bergman were made by R Kirwan m connection with the precipitation of lead 
by iron , and it is not at all improbable that C F Wentzel noticed the peculiar 
behaviour of iron during his investigation of the neutralization of acids by the 
metals In 1790, J Kerr said 
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l digested * piece of i 1 e silvcx i > A /ure anri ra c n *roa& [ nnc] a* id and whde the die 
s^oluuon was going on ard before 1 1 e ^dta**a + ie was remts **ed I pour^a a fort on ox + v * 
so!a f ion upon pieces of clean and ne\A scriped i*vr w *•** n+c a wire g*asu» and obtfrved 
a sudden and copious prc«ipi+aucn of sSc Ti e * "ec^ tut< was a f *jst Na k then it 
assumed tre appearance oi siKtr and wa** fi \ tt st\ atp* U’vrr in oiaai ♦«,- t^an the p eee 
* ron wire which it emelopea The at*i«t f t}ea uo tr< i~on cent trued son t h^i 1 © 
time and then it ceased tl e sil\ erred' ssoiveJ «.* ♦ nqa ^ ceca^ e clear anttr^ *r n**m a ^ed 
br cht anc* tindisturbed m the solut or at Lottc TV ' * w * e wl ere 4 r^n in ^ed 
darmgise\eral weeks without m ffer ng an\ bi e e <.r r»penp ♦a 4, n :^ 41 \tr 

The liquid had not lost its power oi acorns ♦ u f™^ ro*i *>kr ,+ .aa *d 
to act on the piece aireaav exposed to it that tae cuaajre wa* 1 t> e ^ n, and not 
A r the hquid Once the iron has acqa^el *he sta* wuc^e t ler tre'M t *tee 
«ih er, it will not precipitate f ha + metal from o+ner » 1 * « > e* s/r te Xne n 

is altered m some wa\ without the i^ast n ,+ r jf ^eta iC ^pe r djii T 
or change of colour The alteration however ja on ^pe^Si. \ as oe su opened 

for b\ scraping off its altered coat d: is agam rend^rt * c patic o: aetr*:: c~ * sc hz 
of sd\er The inactive iron wa^ caned al*e Y ed t r o> , <iin ordinal* iron, rt^t 1 o* 

V F Schonbems term passive iron ha& been x\ *dop*eti fjr the \i ^ *c 

iron J Ker continued ^ he^ the altered iro t mu< r of * er nitrate is + oucheu 
with a piece of fresh iron it instantly Decome» act a p jut n a 1 t fT e w h Je the .il * cr 

precipdated on both pieces redissohes l^a\mg both n eces nt ror a tne jp* \e 
state The mactrv e or passrv e iron aoes no 1 - preciptate c'crer fron a s«i- £ 
copper nitrate or sulphate The iron cai be converted nto the p&asrve state 
bemg treated with cone and red fuming nitric acid The pa><* T \t ron grada/*il* 
loses its peculiar property when dried, or when kept m wa*er, hat can he presen ed 
m the passive state b\ being kept m aqua ammo^a 'W Beetz foard that + he 
direction of the current m the partitioned cell with copper and dil sulphuric ac d 
against mtnc acid and iron is dependent on whether the iron is actne or pas&rv* 
E Liebreich said that, unlike active iron, the reaction Fe->Fe —2 3 does not occur, 
or else it is nur unmerlhch E Becker and H Hilberg said that the appearance of 
oxygen at the anode of an electrolytic cell indicate^ that the iron j.s entering into 
the passive state, and the rate of evolution of oxygen indicates whether the iretai 
is wholly or partially passrv e when measured m terms of Faraday s law M le Blanc, 
indeed, considers iron to be in the passive state when it exhibits chemical polanza 
tion in a cell even when the anode liquor contains chlorides, etc , m place of oxidizing 
agents F Todt said that passive iron gives no current when it is associated n a 
cell with one of the noble metals , and fi Kremann and R Muller considered iron 
becomes passive when it does not react chemically under conditions where, from its 
behaviour in the active state, the existence of a driving force for the reaction would 
be assumed 

J B Senderens stated that iron is to be regarded as passive wnen it remains 
unattacked m dil nitric acid, but there are degrees of passivity short of complete 
inertness Consequently, for the purposes of a definition some writers have 
postulated arbitrary conditions C F Schonbem considered that iron is passive 
when it is not visibly attacked by acid of sp gr 1 35, and no bubbles of gas escape 
at room temp An acid of this concentration will itself induce passivity, ard 
accordingly, H L Heathcote recommended the use of mtnc acid of sp gr 1 2, 
between 15° and 17°, as a test for passivity An acid of this concentration shows no 
tendency to passrv ate iron, and it activates passrv e iron but \er\ slowh — about 
24 hrs A rod of iron is supposed to be passive when, after immersion in the acid 
of sp gr 1 2, shaking, and then holding motionless, it shows no sign ot chemical 
action on its surface W A Hollis said that iron is passive if it can be placed m 
fuming mtnc acid for 10 seconds, at room temp , without visible attack 
W R Dunstan and co-workers found that active iron at once begins to deposit 
copper from a 05 per cent soln of copper sulphate, but passive iron will remain 
for hours bright and unaffected Also, active iron usually shows signs of corrosion 
m distilled water in 8 to 10 mins , whereas passive iron will remain bright for hours 
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V FUde recommended the electrical potential test of passivatmg caused by modi< 
polarization, since passu e iron has a lower potential than actue iron 

F Forster distinguished between w hat he called chemical and mechanical passivity 
according as the reaction is retarded bv the inactivity of the metal, or retarded 
bv a protective film on the metal W Ki&tiakowskj said that the iron is super 
active when it is polarized m alkaline soln and behaves like platinum charged with 
hydrogen, H 2 ->2H -*-20, and the electrode potential is E n ==— 0 9 to —05 \olt, 
actne, when the surface of the metal is clean, F € ->Fe +2 ©, and E ,=—0 5 to— 0 4 
volt , subactue , when there is a film with large pores on the metal, there are local 
currents, and I? r =— 0 4 to —0 2 \olt , subpassne, when there is a film with fine 
pores on the metal, there are local currents, and F } =— 0 2 to +0 2 volt , and 
passive when the film on the metal is continuous, and E ,=+0 2 to +0 9 volt 
The inertness of iron m cone nitric acid had been noted before J Kerr s observa 
tions m 1790, bv C F Wenzel m 1782, bv T Bergman in 1783, and by R Kirwan 
in 1787, jet J Keir can be regarded as the discoverer of the passivity of iron 
The phenomenon, however, must have been waiting for the appropriate “ why ? ” 
from the time the beh wiour of iron m dil and cone nitric acids was compared 
H L Heathcote observ ed tint the inertness of passu e iron is true only so far as 
the sense of sight is concerned , pawv e iron is not whollv mactu e, but it is the seat 
of a multitude of changes E L Nichols and W S Franklin also showed that the 
passive metal is not absolutelv insoluble m the acid, but the rate of dissolution is 
extremelv slow If an iron rod be allowed to stand for a considerable tune m f umin g 
mtnc acid, green crystals of iron nitrate are formed, and, according to H Gautier 
and G Charpv, traces of ammonia and nitrogen peroxide are simultaneously 
evolved — vide supra , the action of mtnc acid on iron CEI Belck, H Gautier 
and G Charpy, H L Heathcote, A J Maass, E L Nichols and W S Franklin, 
E Raimnn, A Renard A Scheurer Kestner and L Yarenne also observed that 
some passivated iron dissolves m the acid H Gautier and G Charpj found that 
for samples of iron with a given sectional area, the percentage amounts dissolved 
per 24 hrs after 2 and 10 dav s’ exposure to mtnc acid were 


bp gr of mtnc acid. 
T# i*n 2 da\b 
^ m 10 daSh 

1 28 

0 82 

0 59 

134 

0 75 

0 45 

138 

0 29 

0 25 

148 

034 

0 33 

158 
5 80 
5 75 

per cent 

Z C Mutaftscbiefif observ ed with reduced iron after 




lime 

10 

120 

300 

600 

900 

1443 mins 


1 m ar i rfr I 0 00005 0 0015 0 0035 0 0065 0 0090 0 0196 

in auuj gp gr i 42 o 00000 0 0014 0 0035 0 0050 0 0093 0 0160 


G Wetzlar first studied the electrochemical properties of passive iron, and 
said that iron in the passu e state occupies a different position m the electrochemical 
senes from what it does m the natural state, and he recognized different degrees of 
passivity between the active and the inert metal G T Fechner gave for fuming 
mtnc acid the electrochemical senes An, Fe, Ag, Cu, Bi, Sb — , and for dil 
nitric acid, A de la Rue gav e +Ag, Cu, Fe (passive), Fe, Pb, Hg Sn, Zn- , and with 
cone mtnc acid, -+-Fe (passive), Ag, Hg, Pb, Cu, Fe, Zn, Sn— The electrochemical 
relations of passive iron to platinum were also discussed by H Buff, J F Darnell, 
M Faradav , F Sanford, and C F Schonbem— mde infra 


T.he passivitv of iron has been discussed bj E Baars and co workers, E Becker and 
H Hilberg C Benedicks and P Sederholm, G D Bengough and O F Hudson, M Bicker 
M Le Blanc, K Bomemann, L Brunet H Eggert, F Eisenkolb, U R Evans, 
£ Ft I 1 *** H , Koch F FOrster F Forster and A Piquet, A Fourgeaud, 

™ Frese, H Freundlich and co workers, A Gunther Schulze, JAN Fnend T Fujihara, 
H Cxerdmg and A. Karseen, J Gilhs, G G jbe and co workers, F Haber and co workers, 
5 U Hughes, N A Izganscheff, W Kistiakowsky, V Kohlschutter and 

5 B Lambert, S C Langdon, A Lob, W Mancbot, L McCulloch, 

M Martens F J Micbeb,E Muller and F Spitzer, H W Moseley, W J Muller, 
G Patscbeke, R Phillips, D Reichmstein, E K Rideal, H Robmann, W Rolknann, 
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\\ Rothmund A 8 RuSbell, G C bchmidt R P 81 hoch G Sentcr S E Sheppard, 
R Swinne G Tammann T G Thompson t Todt, \\ H J \erroi E \amazaki etc 

When an iron rod is imm ersed m mtnc a<\d of gr 1 35, the metal is "vigorous 
attached for a few seconds , the rate of ev olution of gas then slacker^ and finallv , 
to all appearances, ceases The passi\ ation of iron bv cone nitric acid was observed 
bv W Beetz, H Braeonnot, H Buff, H L Heathcote J F V Herschel, T Ken-, 
B Kirwan, A Mousson, E Bamann, C F Schonbem, and L a^enne , and bv 
fuming mtnc acid, by 6 T Fechner, J Keir, G 8 Ohm, T M Ordwav, and 
L Varenne According to T Andrews, the more concentrated the acid the shorter 
the period of activity, so that in fuming mtnc acid there Virtaalh no ev olution 
of gas, and the iron does not appear to be attacked ant more G T Fechne’*, 
and A de la Eive observed that the passivation is dependent on the concentration 
of the acid and, as shown b\ A Eenard, it is favoured bv lowering the temp 
Thu% J F W Herschel found that no passiv ation occurs with boiling ac d of so gr 
1399, M Martens observed no passivation at ordinary temp wnn an '»cia of 
sp gr 1 3k , and N A E Millon, that mtnc acid with 4 or 4 5 mob of water 
pasbiv ates the metal at ordinary temp , but not when warmed , H M Yoad showed 
that a rod which has been made passive in cone acid remains passive when trans- 
ferred to dil acid of sp gr 1 204, although dil acid graduallv destroys the pa^i\ e 
state and the metal then dissolves freely in the acid II L Heathcote, and 
U E Evans found that at room temp , the metal is passive in ar acid of sp gr 
1 40, and active m acid of sp gr 1 20 , S W Young and E M Hogg found that at 
room temp iron can be passivated by an acid of sp gr 1 250 or upward but not so 
at 0° H Gautier and G Charpy observed that the metal is active at 15° m 
an acid of sp gr 1 21, and at 60° m an acid of sp gr 1 38 , and J M Ordwav 
observed that the passive state, P, and the act ve state occur at different temp 
with acids of different sp gr , thus 

1 38 1 42 1 42 (fuming) 

, * 1 

31° 32° 55° 56° 82° 83° 

PA PA PA 



According to L Varenne, if the acid has less than 47 per cent HYO a> the passive 
state is not inaugurated However, even m an acid of that concentration, passivity 
is induced if the rod be lifted out of the acid 
and re-immersed, or if the rod be dropped 
wrth a shock to the bottom of the containing 
vessel , or touched with a piece of platinum or 
gold wire, or a carbon rod , or made the anode 
of an electric circuit The curve, Fig 401, is 
based on the measurements of S W Young 
and E M Hogg , it shows the rate of dis 
solution of iron m nitric acid of different con- 
centrations when the surface area, the time, 

and the metal are constant The decrease in _ _ A rTV , , 

the rate of dilution in. mtnc acid of different F “ ^ J£t2?Ac2f o?Mewt 
concentrations takes place in three stages re- Concentrations at 0° 
presented m the diagram, Fig 401, (l) by the 

curve AB, where the speed of the reaction decrease^ rapidiv as the concentration 
of the acid diminishes , (n) by the curve BG, where the speed of the reaction falls 
abrupth to a very small value , and (m) by the curve CD, where there is a *verj 
slow decrease in the speed of the reaction m the passiv atmg acids There ns thus 
a fairly definite concentration of acid below which the speed of the reaction in- 
creases rapidly, this region is called the passive break The passive break, BC > at 
0° occurs m an acid containing between 49 78 and 52 09 grins HH0 3 per 100 c c , 
that is, m an acid of sp gr between 1 250 and 1 260 The concentration of the 


31 48^ & 80 

Grans HH0 3 pf lOOcc 
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acid at which the passive break occurs decreases as the temp rises from 0 to 10 
and thereafter increases , thus 

0 10 20 100 

Passive! Sp gr * *6 1 23 1 25 1 30 

break! Grms HLNXJ a per 100 u o2 09 45 82 49 78 61 74 

T Andrews and V A Hollis also showed that the passive state can be produced 

only below a certain temp which is a characteristic of each metal Thus, passive 
iron dipping m mtnc acid of sp gr 1 42 becomes active at 90°, so that the critical 
temp with iron is a little below 100° , with nickel, about 72° , and with cobalt, 
abou* 10" E S Hedges found that the temp at which gas appears when passive 
iron in heated with 90 to 100 per cent nrfcric acid is mdependent of the concentration 
of the acid, being between 74 5" and 75 5° The temp at which iron goes into 
soln is 

Nitric acid 90 03 08 99 100 per cent HNO, 

Temperature 75 O 3 77 o 0° 85 0° 86 5° 

FreslA ign ted feme oxide does not dissolve appreciably until this temp is reached 
This temp does not correspond with ttie formation of an allotropic modification 
of iron According to ¥ A Hollis, the critical temp depends on whether the iron 
is heated with the acid, or whether the iron and acid are heated separately before 
being brought into contact , in the former case, the critical temp was 94°, and m the 
latter case 74°, but the actual results are dependent on the degree of purity of the 
mm Observations on this subject were made by T Andrews, T Bergman, 
H G Bv ers, \f Corsepius, E St Edme, H L Heathcote, J F W Herschel, 
J P Joule, J Keir, R Kirwan, H G Byers and A F Morgan, J M Ordwa}, 
J B Senderens, L Yarenne, and G Wiedemann W Heldt said that finely divided 
cron does not passivate so readil} as compact iron, and T Andrews found that 
wrought iron when first dipped m the acid may appear more passive than steel, 
but after some hours i mm ersion in the acid it becomes less passive , wrought iron 
is permanently more passive than tungsten steel , hard steels, with their higher 
content of combined carbon, are more passive than mild steels H M Noad 
observed that a preliminary washing of the metal with water renders passivation 
more difficult Stirring the acid was found by C W Bennett and W S Burnham, 
H L Heathcote, E S Hedges, W Kistiakowsky, and P de Regnon to favour 
passivation Z (J Mutaftschieff found that the stirring of mtnc acid of sp gr 
1 20 for up to 5 hrs favoured the passivation of iron, but no difference could be 
detected when the acid was stirred for 5 to 24 his 

The presence of nitrous acid or of nitrogen peroxide in the acid was found by 
Y Beetz, M le Blanc, R Escales, P Gunther, W Heldt, J F W Herschel, 
A Klemenc, and A Voigt to retard the passivation, but if ferrous sulphate be 
present, the nitrous oxides are absorbed, and the acid then favours passivation 
U R Evans observed that electrolytic iron is not attacked by mtnc acid of sp gr 
1 40 when solid potassium nitrite or feme nitrate is present The a dmix ture of 
sulphnnc acid was found by W Beetz, M Boutmyand M Chateau, and J F Darnell 
to favour passivation F Fujihara studied the passivation of iron in dil alcoholic 
soln , and C Benedicks and P Sederholm, in soln of ethyl alcohol, or other 
organic liquid winch reduces the degree of ionization of the mtnc acid 

G S Ohm, and A Renard stated that iron is rendered passive when treated 
with nitrous acid or different, nitrogen oxides , and R Weber passivated iron by 
contact with fused nitrogen ntonde at 30° 

S W Young and E M Hogg consider it probable that when mtnc acid is the 
pas^vat mg agent, nitrogen peroxide or tnoxide does the actual work because the 
exposing of iron to either of these agents makes the metal passive, while mtnc oxide 
ttoev not effect this transformation Colourless, or the so called water-white, 
n»trjf ac’d does not passivate iron, bnt the transformation is effected by yellow 
or it i am The colour indicates that the acid contains higher nitrogen oxides in 



coin The pa*&i\ e break occurs ^ken the con d the ac A d i" ^ueli trat the reaction 
de\ eioDS relate eh large amounts of ritrojer ptm\*te Wnen r^rogen peroxide 
lh bubbled through nitric acid in vlrch iron « n Ta h ut \e ’t ha** the effect of 
producing pa^rv it\ s and a smnlar resatt A s oDt^ntd b T tne vision of mtnte** 

It is probable that with nitric acid wi*h a ccnc ’otm than t 1 at u* r is^\ e break, 
nitrogen peroxide is st’ 1 ! being de\ eloped beraa** tl e \ alae- f r * 1 1 r in cc n^ant 
increase with dilution There is a ^ow La* a* muon* d ^nluta - < f i*on n 
passivating acids no matter how concentrated tne\ ire 

Pasmity is developed through the agency of ox i zing react wi 5 — \u«L er *Lin 
mtnc acid ma\ passivate iron, thus, W Bee*z *rd A ^ found thi f 

chromic acid will do the work, R Phillips wd'c or *•} lore acd , trdj \\ Turre^tire 
hydrazoic acid M Martens stated that cone ac*tv* acid will private A *on out 
W Beetz, and W RoHmann could not confirm thi« E He\n and O Bauer -howei 
that soln of sodium and ammonium acetate 1 ern jer litre, wdi pa^nate ’r« n 
The statement of M Martens that alcohol v,u passivate iron was opposed by 
W Beetz, W Rollmann, and C F Schonbem M Boutmv and M Chateau, ana 
N A E MiHon found that arsemous acid will pa-si* ^te iron , and W R Duns+an 
and J R HHl, that a 1 per cent soln of sodm'fi arsenate soon pa^i\ ated iron 
The mhibitory action of arsemc films on iron discussed b\ E Heyn and 
0 Bauer — tide supra , the action of sulphuric acid on iron W R Dunstan and 
J R Hdl, E Heyn and 0 Bauer, and G Grube * + uched the passivation of iron by 
soln of potassium ferrocyamde and potassium ferncyanide , A Fmxels^ein, 
H L Heathcote, C Fredenhagen, and F Hevn and 0 Bauer, by soln o* po'emum 
cyanide Iron becomes more or less passive with cone sulphuric acid, and cast iron 
\essels are u^ed for storing 90 to 100 per cent acid For concentrations below SO 
per cent H 2 S0 4 , ordinary cast iron is attacked by the acid, and special ferrosilicon 
iron is used for containers The subject was discussed by H L Heathcote, 
T Meunier, C E Fawsitt and A A Pain, etc— infra According to 
Z C Mutaftschieff, the prolonged exposure of iron to air reduces its reactivity 
with mtnc acid of sp gr 1 39 to 1 42 The potential acquired by iron on exposure 
to air was discussed by W Muthmann and F Frauenberger, and F Flade , and it 
is assumed that the iron acquires a film of an oxide by exposure to air The same 
assumption was made b\ TJ R Evans, M Faraday, H Freundiieh and co-workers, 
F Haber and F Goldschmidt, W Eastiakowsky, R Mallet, W Rollmann, G Tam- 
mann, and G Wetzlar A Renard observ ed that the heatmg of an iron rod in the 
flame of a spirit lamp for a few seconds will make the metal passive The passi- 
vation of iron by heating it in air, and the formation of oxide films when iron is 
heated m air or oxygen was discussed by W Beetz, C B W Belek, M Boutmy and 
M Chateau, H le Chatelier and B Bogiteh, U R E\ans and co-workers, M Fara- 
day, A Finkelstem, E Grave, W Hittorff, M Martens, H M SToad, L htobili, 
E Ramann, W Rollmann, C F Schonbem, and G Wetzlar According to 
C A L de Bruyn, the mertness of iron covered with a film of oxide is not related 
to the abrupt change of potential which occurs in the ordinary passivation of 
iron The subject was discussed by W R Dunstan and J R HiU, L R Evans, 
H L Heathcote, I Langmuir, E K Rideal, and C F Schonbem 

G Wetzlar, W R Dunstan and J R Hdl M Martens, and C von Hutton 
observed the resistance of iron to attack by soln of ammonium or potassium 
hy droxides With low concentrations of alkali K e, A Thiel and H Luck mann 
found that the iron may he attacked m the presence of oxygen The passivity of 
iron m soln of banum by droxide was studied by Yu R Dunstan and J R Hdl, and 
m soln of fift-linm hydroxide by E Heyn and 0 Bauer According to C E W BelcL, 
the resistance of non to soln containing sufficient alkali h\ droxide has not definitely 
been proved to be due to the passivation of the metal, because W R Dunstan and 
J R Hill showed that the apparent passive state is not maintained after the metal 
has been washed in water, whereas it is so with iron pas^rv ated with mtnc acid 
and M Mugdan, that with increasing concentration of the alkali he, the metal 
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gradually not abrupth, pabfceb into what appears to ht the passive state, and, at 
the same time the potential steadily increases to the equilibrium potential of 
hv drogen The subject was aKo discussed b\ t E Evans, JAN Friend, 
F Haber and W Maitland, E Hevn tnd 0 Bauer, E Liebreich, W H Perkins, 
E K RidevI, and G "ft "ft hitman and co workers F Haber and F Goldschmidt 
showed that iron mav resist attack bv soln of alkali h e, in the presence of carbon 
dioxide so long as the carbonate and hv drocarbonate can be formed "ft R Dun- 
stan and J R Hill <*tudied the passivation of iron bv soln of sodium and potassium 
carbonates , and bv soln of borax — tide supra , the corrosion of iron G T Fechner, 
and M Faradav noted that the metal is not attacked bv soln of alkali sulphide , 
although, according to G fe Ohm, a surface skm of iron sulphide may be formed 
Similarh , F Forster did not consider the resistance of iron to soln of alkali sulphides 
to be the same m kind as the phenomenon of passivity W R Dunstan and 
J R Hill, JAN Friend and C W Marshall preferred to call these agents 
inhibitors rather than passiv lfymg agents 

0 Hon\ -Herault, and "ft Beetz showed that soln of potassium chlorate , bromate , 
or todate m cone sulphuric acid passiyate iron, but, accordmg to M Mugdan, soln 
of potassium perchlorate do not do so Iron was also found by M Mugdan to be 
passive m soln of alkali chlorates, bromates and lodates E Heyn and 0 Bauer 
observed that soln of potassium chlorate, up to the highest concentrations, per 
c eptibl} attack iron but soln of potassium bromate and lodate contammg 1 grm 
per litre, do not do so W R Dunstan and T R Hill found that a 1 per cent soln 
of potassium chlorate did not passrvate iron, but a 4 per cent soln did, whilst 
1 per cent soln of potassium bromate or lodate were usualh effects e m passivating 
iron — as mdicated above 

M Boutmv and M Chateau, and G T Moody observed that iron becomes 
passive m contact with neutral hydrogen dioxide Thus, clean electrolytic iron can 
be immersed m a warm dil soln of perh\drol without showing any sign of corrosion 
even though its surface is swept with bubbles of oxvgen due to the catalytic decom 
position of the hvdrogen dioxide Iron readil} dissolves m the presence of acids 
and hydrogen dioxide The action of hydrogen dioxide was also studied b> 
W R Dunstan and co- workers, and bv H E Armstrong and R E Colgate 

E Grave attributed the passiv it v iron acquires when heated m nitrogen to the 
removal of the activating hvdrogen "ft R Dunstan and J R Hill said that 
passive iron remains passive after it has been heated m nitrogen G Tammann 
discussed the pasbivitv of mtridized iron A Renard found that the vapour of 
mtnc acid will passivate iron , and L \ arenne added that compressed nitric oxide 
acts similarh Wording to S TV Young and E M Hogg, nitric oxide does not 
act at ordinary press , but nrtrogen peroxide produces a passivity far greater than 
that produced by mtnc acid when drv gas is allowed to come m contact with the 
metal — tide supra Iron passivated bv drv nitrogen peroxide is more persistently 
passive than that which is passivated bv mtnc acid Mere traces of nitrogen 
peroxide can render iron passive , for if a little of the gas is allowed to escape into 
the atmosphere of a room all the iron articles in the room become passive 

E Ramann observed that iron is passivated by soln of ammonium nitrate , and 
J Keir,G Wetzlar, and B Lambert bv soln of copper nitrate G Wetzlar observed 
that neutral soln act more quicklv than acidic soln , and J B Senderens added 
that some copper separates from neutral soln G Wetzlar also noted that raising 
the temp is not favourable to passivity, and B Lambert, that pressmg the iron in 
a i agate mortar before or while m the soln of the copper salt, activates passiv e iron 
G Wetzlar reported that iron passivated b\ a soln of copper nitrate retains its 
passivity for weeks, but dipping the passive iron m water makes it active 
G Wetzlar, and M Martens found that iron is passivated m an alcoholic soln of 
copper nitrate The passivating action of soln of copper sulphate was studied b} 
C F Buchholz, G Wetzlar, J B Senderens, and W Beetz , of a soln of copper 
chlonde, by J B Senderens, and of alcoholic soln of the chloride, by G Wetzlar, 
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md M Martens of aq ^olii ot toppe) acetak, U\ <4 Wttzlar 1 B Senderens, and 
M Mugdan of neutral or ammomacai soln of copptr ta/'raU h\ G WetZia^and 
M Mugdan T Btrgman J Ken: X \Y Fucner, <t Me+zhr, and W Beetz 
observed that iron is passivated b\ aq so^n of til er hit/a 4 e , and E Ramann b\ 
ammomacai soln of that silt M Beetz fou d that silver nitrite lb more active 
than is copper nitrate , and J Keir, and G \\ etzlar ^tud'ed the pas*uva + ion o\ 
mixed soln of copper and silver nitrates The addition of nitric acid to the aq 
soln of silver nitrate tends to actuate the iron The action was studied bv T Berg- 
man, J Keir, G T Fechner, M Faradav , W Heldt, ard G M etzlar , the action 
of neutral soln , bv G M etzlar, W Beetz and J B Senderens , and the actuation 
by a rise of temp , bv J Keir G M etzlar, and J B Senderens observed that the 
passivity produced bv a mtnc acid soln of silver ntrate is retamed some weeks on 
exposure to air J B Senderens studied the passivation of iron m soln of silier 
sulphate , and J B Senderens, and G "ft etzlar, m soln of siher acetate The 
passivation of iron bv soln of mercurous nitrate was studied bv J Keir, C F Schon- 
bein, G W etzlar, \\ Heldt, andM Boutmv andM Chateau, bvsoln oi aluminium 
nitrate, by E Ramann, bv soln of lead nitrate, bv R Kirwan, J Keir, and 
J B Senderens , and bv soln of lead acetate, bv J B Senderens , and bv soln of 
ferrous and ferric nitrates, cobalt nitrate, and nickel nitrate bv E Ramann 

M Bontmy and M Chateau, J A X Friend, E Liebreich, G T Moody, 
W R Dunstan and co workers, U R Evans, T P Hoar and U R Evans, 
R G van Xame and D U Hill, G W Heise and A Clemente, and E Hevn and 
0 Bauer discussed the passu ation of iron bv soln of chromic acid chromates and 
dichromates , and M Boutmy and M Chateau, M Mugdan, W R Dunstan and 
J R Hill, and E Heyn and 0 Bauer, the passu ation of iron bv soln of potassium 
permanganate Most of the observ ations on passivity were made with iron contain- 
ing carbon as an impurity, but R Lenz showed that purified iron becomes passive 
under similar conditions, so that the p issive state is a property of iron per se 
W Hismger and J T Berzelius, and C F Schonbem studied the passivation of 
iron by anodic polarization According to E Ramann, iron readilv assumes the 
p issue state when it is used as anode or positive electrode m an aq soln of various 
electrolvtes If the iron be made the anode of an electnc circuit the XO'3 10ns 
at the surface of the metal passivate the iron The subject was studied by 
H G Bvers, F Flade and H Koch, G Grube, J L R Havden H L Heathcote, 
M Rathert, C F Schonbem, and W Hrttorf M Fandav found that the dis 
solution of iron by nitric acid of sp gr 1 3 at once ceases if 1 material like platinum, 
gold, or carbon is brought m electrical contact with the iron Here a short circuited 
electric cell is set up, and passivitv is qmcklv produced Contact nth 7mc under 
si mi lar conditions has the reverse effect The effect of zmc m starting actuation 
wav es, which if started m two parts of the passive iron meet and mutually extin- 
guish one another, was studied b} K S Lillie 

According to T Andrews, J MacLeod Brown M Martens, and P de Regnon, if 
an iron rod dipping into mtnc acid or other oxidizing agent be m electrical contact 
with a strip of platinum, it becomes passive, due to the anodic polarization of 
the iron, for if the two metals be m electric contact, the iron becomes the 
anode, the strength of the current falls to a verv small quantitv, and then remains 
virtually constant for several days The subject was also studied bv H Buff 
M Faradav, W Heldt, J F W Herschel, A J Miass L McCulloch, M Martens 
H M Xoad, E Ramann, P de Regnon, A Renard, W Rollmann, and C F Schon- 
bem No passivation was observed by M Farad iv to occur when the iron is in 
contact with copper , but the effect with silver was observed bv M Faridav, and 
J F W Herschel, with gold, bv J MacLeod-Brown, E Ramann A Renard, and 
C F Schonbem, and with graphite, b> M Faradav, J MacLeod Brown, E Ramann, 
P de Regnon, A Renard, and J L Schonn The passivation of iron by contact 
with lead oxide r nd silver peroxide was noted bv M Boutmv and M Chateau, 
H M Noad andC F Sehonbun C F Schonbem observed tint a rod oi passive 
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iron may passivate a rod of activ e iron, if the two rods be placed m electrical contact 
m the acid If the surface area of the active rod is relatively greater than that of 
the passive rod, the phenomenon mav be reversed, and the passive iod may become 
active J MacLeod Brown said that if part of an iron nail is made passive, the 
remamder of the nail does not assume the passi\e state The passivation ot active 
iron by contact with passive iron was studied by U R Evans, M Faraday, 
G T Fechner,H C Oersted, E Ramann C F Sehonbein, H Schroder, G Wetzlar, 
and G "V\ xedemann 

G Wiedemann described a number of cases of the passivation of anodic iron in 
cells with various electrolytes, and various metals — copper, silver, gold, zmc, cad- 
mium, tm, lead, antimony, bismuth, and platinum — by A Avogadro, W Beetz, 
J G Brown, M Corsepius, J F Darnell, H Daw, M Faraday, N W Fischer, 
F Flade, W Hisinger and J J Berzehus, A J Maass, M Martens, C H Pfaff, 
A de la Rive, \\ Rollmann, and C F Sehonbein 

The anodic polarization of iron in soln of alkali h\ droxides wa& studied by A J Allmand 
and R H D Barklie H G Byers and co -workers, Tf Corsepius C Fredenhagen F Forster 
and A Piquet E Grave G Grube, F Haber and cO workers E S Hedges P Krassa 
E Muller and F Spitzer and C F Sehonbein The effect m soln of various salts — e g 
sodium chloride was studied by W J MuJlei sodium chlorate by H G Byers 
ammonium sulphate bv E S Hedges sodium sulphate b\ H G Byers and co workers, 
E S Hedges, H TV Moseley, and W Rathert potassium sulphate bv 4 Finkelstem and 
E P Sehoch and co workers copper sulphate, bv TV Rathert and C F Sehonbein , 
ferrous sulphate, bv C A L de Bruvn ferric sulphate bv A Finkelstem ammonium 
nitrate b\ J L R Hayden sodium nitrate bv H G Byers potassium nitrate by 
H G Bverb J L R Havden, E P Schoch and co workers alkali carbonates and hydro 
carbonates by H G Bvers J L R Hav den and F Haber and F Goldschmidt mixtures 
of potassium ferrocyamde and femcv amde by G Grube potassium cyanide, by A B rochet 
andJ Petit H G Bvers, 4 Finkelstem, E S Hedges and W Hittorf potassium phos 
phate by H G Byers and M Damn potassium permanganate, by H G Byers , and 
potassium dichromate, bv H G Bvers and co workers The effect m various acids— 
e g hvdrochlont acid was studied by H G Bvers and S C Langdon, and E S Hedges in 
sulphuric acid bv J* Ah ares H E Armstrong and R T Colgate H G Byers and co 
workers M Corsepiub U R Ev ans A Finkelstem, F Flade and H Koch C Fredenhagen, 
E Grave, E S Hedges H Koch TV Rathert P de Regnon, G C Schmidt and 
TV Rathert, and C F Sehonbein in nitric acid by T Andrews, H G By ers and co workers, 
C Fredenhagen E S Hedges W Hismger and J J Berzehus M Martens H W Moseley, 
W J Muller, P de Regnon, TV Rollmann and C F SchOnbem , in phosphoric acid, by 
H G Byers and co workers, E S Hedges, H TV Moseley, and C F Sehonbein 

Passiv e iron was found bv A Finkelstem to behave with respect to oxygen like 
a reversible gas electrode, and the cell was studied by F Flade, C Fredenhagen, 
C M Gordon and co-workers, G Grube, M Mugdan, W Mu thmann and F Frauen- 
berger, and F Tddt The passive iron behaves m this way with no gas other than 
oxygen If platinum be replaced by passive iron m the gas-cell, H Koch found that 
the intensity of the current is reduced, showing that oxygen is being taken up by the 
passive iron 0 Scarpa could not decide whether a film of oxide or a film of oxygen 
was formed on the passive metal H C Byers and S C Langdon showed that the 
potential, E volt, at the cell is dependent on the press of the oxygen — j? lbs per 
sq in with an iron electrode m 0 2Y-H2S0 4 

P 0 25 8 30 5 34 6 43 9 

E 1 770 -1 760 -1 751 -1 740 -1 730 

The potential of the anodicallv polarized, passive iron gradually decreased with 
time C A L de Bruyn showed that while platinum is not attacked, an electrode 
of passive iron is attacked by mixed soln of ferrous and feme sulphates 

5 48 5 29 0 16 0 10 per cent 

Fe,(S0 4 ), 32 5 51 5 71 0 84 0 99 0 „ 

platinum 0 632 0 655 0 680 0 699 0 812 

h passive iron 0 620 0 642 0 665 — 0 745 

[ferroeic oxide 0 619 0 651 — 0 686 0 765 
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The passivation of iron or anodic polar 1 iu*t i o r ‘ iron ip ’"oln ot alkali hvdn*xide 
was discussed bv F Forster and co workers L Fredenhagen, H f* reundlich and 
to workers, G Grube and H Gmelm, F Haber and co workers 1> F Horn W 
P Krassa, E Muller a^d F Spitzer and L Trended and +Le anou^ f^larzation 
ot iron m fused alkali hvdroxicte, bv i Lieoenoff and L Stra ~er, R Lcrerz, 
C J Reed, E RoPa and R Salam and J F bact*er Tne genera 1 n i **, «4?rw ■‘‘bat 
the *ron behaves as an owgen, and that + he pas v it on ^ d P to * rind* * a 
film of oxide, or a film ot gas electrode 

According to F Goldmann and E Rupp tie impact <f tip ^ cn *itn 
evacuated surfaces of silver or copper causes t ter to bee*; xt «*o tfte 

bombarded surface is not attacked bv iodine vapour, whilst 

the unprotected parts are quickly covered With \ violet ^ 

film, which is thickest near the boundarv Po^*i\c ions ^ 
or the prolonged action of ultra violet lignt prolaces the ^ 
same effect Since passivation does not occur when + he | /w 

surfaces are evacuated or when the evacuated surfaces a^e ^ 



subsequently brought into contact with hvdroger but 
pronounced if oxygen is introduced, it > considered r o 
due to the formation of an oxide film on the e\po>ed par* 
of the metal 
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The activation of passive iron — J Keir, and H Buff observed + nit the ac*iva~ 
tion occurs when the passive metal is left m contact with wa*er —udt mpra 
It is onl> the moist passive metal that rev erts so easilv to the act v e state The 
passive metal mav be activated if left m contact with nitric acid ' e ow the c<»n 
centration required for passivation, thus, L Yarenne found that iron pawv a*ed bv 
nitric acid of sp gr 1 42 was depassivated m contact with 


Sp gr nitric acid 13 1 2S 1 2b 1 10 

Tim© 264 120 32 12 hre 


Analogous observations were made b> E St Edme, H L Heathcote, \\ Heldt, 
JEW Herschel, and C F Schonbem U R Evans, and H L Heathcote, 
found that iron passivated m cone mtnc acid becomes active on exposure to air , 
and T Fujihara, that Armco iron or electrolytic iron, passivated by a 5 per cent 
alcoholic soln of mtnc acid, was not attacked by distilled water in an atm free 
from carbon dioxide, but m the presence of carbon dioxide, it began to rust m 10 to 
20 nuns 

H L Heathcote obtained the passive metal m a dry state b} rapidlv spravmg, 
m succession, upon a recently passivated rod of metal, (i) a sat aq soln of potassium 
dichromate containing 2 8 grins of potassium hydroxide per 100 c c , (u) a mixture 
of 100 c c of water, 10 c c methylated spirit, and 2 5 grins of potassium hydroxide 
purified by alcohol , and (m) absolute alcohol The drv, passive iron behaved 
exactly like a metal covered with a film of oxide The rods were not activated by 
allowing them to remain several dav s m the atmosphere of a laboratory , rubbing 
them well with dry cotton-wool had no effect , and contact with one or scratching 
with glass failed to activate the portions of the passive rod which were not touched 
L Yarenne said that passive iron becomes active under a press of 15 mm of mer- 
cury, andC E W Belck also stated that activated iron becomes passive in vacuo, but 
H L Heathcote did not agree According to H L Heathcote, if a vessel containing 
iron immersed in mtnc acid be evacuated, bubbles of gas form on the surface of the 
metal and rise to the top of the liquid , but although the mechanical action of these 
bubbles may sometimes render the iron active, more usually the bubbles cease to 
form at an early period, and the iron remains quite passive for hours at 15 mm 
press The sudden admission of air sometimes activated the passive iron He 
also found that passive iron may be kept m a high vacuum for some hours without 
change, although spots of activity may develop — possibly because of local action 
produced by impurities forming local voltaic couples The general results show that 
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the presence of a gaseous film on the metal is not the cause of the passivity 
W R Dunstan and J R Hill found that at 400°, passiv e iron remains passiv e, but 
at a higher temp , the metal becomes active According to E Grave, active iron 
heated in vacuo is passiv e in consequence of the removal of occluded hydrogen, but 
P Plade and H Koch found that active iron remains when it has been heated m 
vacuo to remove as much as possible of the occluded hvdrogen For the presence 
of occluded gases m iron, tide supra 

H M Noad, and others have noticed that dil nitric acid activates passiv e iron — 
vide supra A Meyer, C F Schonbein, and others found that the same result is 
produced by the action of chlorine, bromine, hvdrochlonc acid, sulphuric acid, and 
a soln of potassium nitrate, chloride, etc Passive iron was found b} G Wetzlar 
to be activated by various salts — eg by sodium or ammonium chloride, or by 
potassium nitrate or sulphate in alkaline soln , M Mugdan observ ed that sodium 
chloride or sulphate activated passive iron, but not so with potassium mtrate or 
chlorate E P Schoch and C P Randolph found that the amons halides, 
sulphates, acetates, perchlorates, nitrates, chromates, chlorates, bromates, lodates, 
and hydroxide^, have a decreasing tendencv to activate passive iron The 
activation of passive iron bv the halides was discussed bv A J Allmand and 
R H D Barklie, G Bodlander, H G Bvers and co workers, W R Dunstan and 
T R Hill, U R Evans, F Flade and H Koch, JAN Friend, F Haber and 
F Goldschmidt, J L R Havden, E Hevn and 0 Bauer, E Liebreich, A Smits, 
and A Smits and 0 A L de Bravn W R Dunstan and J R Hill also observed 
that sulphuric, hydrochloric, formic, acetic, citric, and carbonic acids rapidly activ ate 
passive iron E St Edme found that hvdrogen converts passive into active iron, 
but, accordmg to W Hittorf, and E Grave, molecular, le ordinary, hydrogen 
does not restore the activity of passive metals According to W Beetz, E Grave, 
and C F Schonbein, however, if the metal be heated m h}drogen — W R Dunstan 
and J R Hill said at 240° to 250° — the passive metal is activated E Grave, 
W Rathert, O Sackur, G C Schmidt, G C Schmidt and W Rathert, and 
J Stapehhorst observed that hydrogen in statu nascendi , or H -ions, strongly 
activated the passive metal, and W Hittorf, J F W Herschel, M Martens, 
M Boutmy and M Chateau, and M Bibart observed that the passive metal is 
activated by treating it with reducing agents — eg , accordmg to C F Schonbein, 
alcohol and ether make the passive metal active G C Schmidt found that the 
diffusion of hv drogen through a passivated surface activ ates the metal The subject 
was studied bv A M Hasebnnk, and H Eggert In general, the passive state is 
destroy ed by making the metal the cathode of a voltaic couple M Faraday, and 
R S Lillie — nde supra — observed the activation of the passive metal by contact 
with zmc 

i Accordmg to M Faradav, F Forster J F W Herschel, T Kur, M Martens, 
V F Schonbein, F W Schweigger Seidel and G Wetzlar, passive iron is usually 
activated when it is m contact with active iron, or when it is m contact with a more 
electropobitiv e metal like zmc or lead In J F Herschel s experiment, an iron 
rod was div ided into two parts bv % band of wax about the centre of the rod , 
and passiv ity was induced on both ends of the rod Activity is restored to one end 
by touching that end with a piece of copper while the whole rod was exposed to 
air , if one end be touched while the whole rod is dipping m the acid, both ends 
become active In the former case a voltaic couple is formed — the piece of copper 
is the anode, the end of the rod which is in contact with the copper is the cathode, 
and the film of acid the electrolyte The cathode extends only to the wax ring 
because the electrolyte does not wet the wax When the rod is wholly immersed, 
the electrolyte is continuous, and the whole rod acts as cathode and becomes active 

The passive metal can be activated by mechanical treatment — e g J F W Her- 
^ J^ eir » ^ Schweigger-Seidel, J B Senderens, C Tomlinson, L Varenne, 

and G n etzl&r noticed that the active condition may be restored to passive iron 
by scraping or scratching the metal, or by a mechanical shock, although P de Regnon 
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wa& unable to \ enfv this X Izgari^cheff aa^d tna + the ‘-cratclieu iron ■muuecLAtelv 
becomes passive if it be returned to the ni+ric acid , and W R Dun^tan and 
T R Hill observ ed that iron pa^siv ated bv chromic acid, icratcned, and th#*n placed 
in water begins to ru&t along the scratches W Muthmann and k Frauenoenrer 
observed that metals 'which have become more or ie^ pi^va+ed bv exposure to 
air become activ e when the surface is cleaned mer hanicalh L Vden^e round tuat 
\ ibrator} mo\ ements of v arious Lands activ ate pa^xv e iron E S Hedges observ ed 
that iron, previouslv rendered passive bv nitric ac^d becomes active wncn whirled 
at 3000 revs per mm after a short period of induction representing the time 
required for removing the film of oxide which produces the passivitv 

\\ Hittorf observed that when the circu t of the ce’l Fe XaX0 3 H^Cr0 4 ^ Pt 
is closed b} dipping the iron m the salt soln the emf graduallv arc^s fr^n 1 b3 
to 0 1 "V olt, the iron becomes quite passive, retaining xt^ metax 1 ^ l-*s*-r e? \ »1 A + ^ 
not attacked however long the cell is short circuited Pv**i\p jtou - no* redlv 
insoluble m nitric acid, for M Faraday showed that a little passes into som durng 
the passage of the current , and C E W Relck observ ed that the ra + e cf d'>*t A ution 
of the passive iron depends on the cone of acid, bemg less m '‘•he more di auds 
H G Bvers, and H G Baers and S V Lanudon observed that the establish nen + of 
anodic passrvit} m iron is influenced bv the condition ana p^eaious L^torv of the 
iron, the nature and concentration of the electrolyte, the stirring of the e^roHte 
the temp , the current density, the time of flow of the current and the co*irertri f ion 
of the owgen dissolved m the electrolvte 

In the electrol} sis of sulphate soln , at low current densities t he dommant 
anion, S0 4 ", is alone discharged at the anode to any appreciable extent, but at nigh 
current densities, the OH'-ions are also discharged, and oxide or hvdroxide or 
hvdrated oxide begins to accumulate on the anode, and interferes with the dis- 
solution of the iron It is at this stage that passivity occurs The electrical pass v a- 
tion of the iron occurs more readily m alkaline soln since these soln are favourable 
to the discharge of OH'-ions , and m soln of alkali hydroxide alone, a low current 
density makes the anode passu e because the only possible anode product is the 
sparingly soluble hydroxide E P Schoch and C P Randolph found the 
approximate limiting current densities, in milliamps , to be with A -K^jSO^, 300 , 
with 0 01 A 7 KOH, 250 , with A T -K 2 S0 4 and with 0 1A-KOH, 10 

According to F Forster, A Adler, M Sehlotter, G C Schmidt, E Grave, 
W Rathert, and M le Blanc, passivity is the normal state of purified iron, 
and the metal is rendered active by contact with some catalvst, sav hvdrogen 
(G C Schmidt), an allov of the metal and hvdrogen (F Forster), or H ions 
(E Grav e) , and this hv pothesis is supposed to be supported bv B Lamoert 
and J C Thomsons observ ations— 2 ide supra, the corrosion of iron F Flade 
and H Koch attempted to decide between the hypothesis that (i) purified iron 
is active and the passivity is connected with the presence of oxvgen, and the 
hypothesis that (n) purified iron is passive and the activity is connected wi+h 
the presence of hydrogen If a specimen of active iron be heated m vacuo, to 
remove all hydrogen, it still remains active, and if a passive electrode be 
heated m carbon monoxide to remove oxvgen without affecting the hvdrogen, 
a passive electrode remains passive, and an active electrode becomes passive 
This last result is attributed to an equilibrium condition between carbon, oxjgen, 
carbon dioxide, and carbon monoxide, and the oxvgen formed passiv ates the 
active metal According to W Rathert, and G C Schmidt, the potential at 
which the passive metal becomes active is not the same afe that at which the 
active metal becomes passive, and that the point of sudden change of potential 
observed bv F Flade does not represent the boundary potential below which the 
metal is active and above which it is passive A metal may be active or passive 
on both sides of this point, depending on its previous treatment The potential 
at which iron becomes passiv e is dependent m a marked degree on the concentration 
of the electrolyte in which the anodic polarization is effected, whilst the potential 
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at which passive iron becomes active is not lie appearance of tie passivity 
potential and tie activity potential during anodic polarization is dependent on the 
current density, and consequently on + he oxygen concentration on the electrode 
These various facts are said to be explained better on the hydrogen than on the 
oxide theory of passivity J Stapenhorst found that iron winch has been irade 
passive by chromic acid, becomes actiye under the influence of hydrogen dissolved 
m the metal He believed that tins change cannot be explained by the removal 
of dissolved oxygen or bv the destruction of an oxide film Under suitable con 
ditions, the reverse change may be brought about bv the diffusion of nascent oxygen 
The potential assumed bv a metal m a neutral electrolyte depends on the quantity 
of oxy gen present m the electrolyte soln If the surface of the metal is renewed bv 
grinding with an emerv-wheel the potential changes from that characteristic of 
the passive form to the value peculiar to tne active form of the metal Hvdrogen 
and nitrogen tend to preserve the potential of the active form, but otherwise behave 
as indifferent gases Orvgen, on the other hand is not an mdifferert gas Both 
m the gaseous and dissolved state* it exercises a very considerable influence on the 
electrode potential and conduces + o the appearance and maintenance of the passive 
state The passivating potentia 1 was studied bv J Alvares, C A L de Bruyn, 
H G Bvem and co workers, F Flade, F Flade and H Koch, F Giordam, 
C Fredennage”, E Grave, E Liebreieh and M Miederholt, W J Mailer 
and co worker^, W Rathert, G 0 Schmidt and W Rathert, and E P Schoch 
and C P Randolph 

According to W J Muller and co workers, m the electrolysis of A T -H 2 S0 4 sat 
with terrous sulphate, a visible film is formed on the iron anode, and the resistance 
rises at first slowly , and then rapid 1 y ro a maximum A critical current density 
at winch pas^iv ity occurs is attained after a definite time, t , and the mean current 
density for pas*iv ation is directly proportional to log t H G Byers and C W Thing 
found that a current density which is insufficient to cause passivity quickly may do 
so if a longer time is allowed The} also found iron to be passive at all current 
densities m a soln of potassium diehromate and sodium sulphate, and becomes 
passiv e m 0 2A H 2 S0 4 at all current densities above 6 0 amps per sq dm 
H G Bye^fc and S C Langdon observed that with iron as anode in 0 2A-H 2 S0 4) 
the time required for passivation is much shorter if dissolved oxygen is present 
at the anode surface U Sborgi and G Cappon found that with iron in an ethyl 
alcohol soln of calcium and ammonium nitrates, the metal is passive with high and 
low current densities , andU Sborgi and P Marchetti observed that with an acetone 
soln of lithium chloride, iron dissolved as a bivalent metal, and the metal is passive 
m an acetone soln of silver nitrate 

C A L ae Bruvn found that with a soln of ferrous sulphate, an iron electrode 
suddenly becomes passive when the current density reaches 0 4 amp per sq cm 
This abrupt change was not observed w ith soln of ferrous chloride In an electrolytic 
cell giving off ox} gen from the passive iron electrode, only about 1 per cent of the 
current was consumed m the dissolution of iron , the remainder was used m pro- 
ducing oxygen For active iron, with 0 1 per cent of carbon, dissolving anodically 
m a soln of sodium sulphate, the current efficienc} and the current density, m 
amperes per sq cm , were 

Current density 0 OH 0 020 0 027 0 034 

Current efficiency 00 9 00 b 09 4 99 1 per cent 

indicating that as long as iron remains active, the current efficienc} diminishes 
slightly as the potential increases The current efficiency during the anodic dis- 
solution of passive iron, when the current density is 0 0005 amp per sq cm , is 
1 09 for iron with 0 1 per cent of carbon , I 21 per cent for iron with 0 4 per cent 
of carbon 1 24 per cent for steel with 1 1 per cent of carbon , and 4 75 per cent 
for cast iron with 3 5 per cent of carbon The greater effect with cast iron is 
attributed to the high carbon-content and coarser structure Electrolytic iron 
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under similar conditions became acti\e Pasane iron i* thus Eighth attacked 
and a comparison of a passrv e iron anode with a non corrod’b^e platinum anoae in 
0 1A soln of ferroas and ferric sulphates fun? she^ the curves, F<c 4f>3, wnich show 
that the potential of passrv e iron is rather le*s than tha+ of platn un < T R W hte 
also showed that iron dissolves anodicaK in a soln of 

sodium nitrate when the current density is low, sav 03 ^ ^ —j 

amps per sq dm , and the current efficienc\ ^ 99 to h *1 - 

per cent , but if the current density is raised to 1 7 +o 3 3 ^ ' 

amps per sq dm , the iron becomes passive and onlv 0 3 |i L 

to 1 1 per cent of the current is then emplojed m the cor Je "V f~* * I 

rosion of iron U R Evans observed that the reiat >elv “ * 4y 6v Hd W 

small dissolution of iron which occurs when *ron is paw ~ f* 

vated occurs ma’nlv along the waterline just where anv Pi-* 4* ^ PcVn 
protective skin, which mav be formed, breaks down most Ircn 

readily , as a result, a passive electrode through wmc*i a 14T ~ " ia * injri 
current has been flowing some time, mav be deeply corroded g * ter line 
and unchanged over the immersed portior This attack is no* * contact 
with the oxygen of the air — Fig 403-— since m the pa— a e <ta*e, cxvqer Hubble* 
are freely given off all over the immersed portion, wnen the annu - m the 
active state, it is often much less attacked near the water line **xan i+ s e sewnere 
In general, the corrosion of iron is a result of the electrochemical action caused 
bv the passage of currents between portions of the metal wUcu are ^ different 
potentials with respect to the electrolyte m contact with tnem Difference- of 
potential with a Homogeneous metal may be produced £>v differential aera f on 
Two pieces of the same electrolytic iron similarly ground were found by 
A L McAulay and S H Bastow to give widely different potentials when immersed 
man electrolyte In general, when a piece of iron is placed m an air-free electrolyte, 
there is a stable potential to which it tends, probably ultimately determined bv the 
liy drogen-ion concentration of the soln It does not immediately acquire this 
potential, but after prolonged immersion the stable condition, which proved to 
be easily reproducible, is attained, and the behaviour of the metal when subjected 
to experiments using this condition as a starting-point is also reproducible Mild 
steel, and cast iron behave similarly, and a difference in composition has but little 
effect provided that it is not such as to produce air passivity, as m the case of 
‘ stainless ” steel Such steel shows completely different behaviour it resembles 
a noble metal, is easily polarized by minute currents, and shows no verv definite 
normal potential The potential which an iron electrode reached after prolonged 
immersion m an air-free electrolyte was taken as standard In 0 5A T potassium 
sulphate this is between 0 75 and 0 80 volt on the sat calomel scale, the actual value 
probably depending on the jpn °I the soln When electrodes m the standard state 
are exposed to air, and then re-immersed m the same electrolyte, they recover the 
standard state The film which is responsible for the corrosion current increases 
m protective power and resistance to destruction with the time of exposure of 
the iron to air up to about 2 hrs , after which but little further change takes place 
on further exposure When this stage is reached, the i mm ersion of the iron m 
air free 0 52V-potassium sulphate causes a destruction of the ennobling film m 
about an hour, and a consequent return of the metal to the standard state m this 
tune Some film is formed even m the shortest exposures it is possible to give 
The destruction of the film is due to action bv the electrolyte, it is not destroyed 
if the electrode is merely left in contact with an inert gas after exposure More 
drastic oxidation, such as anodic treatment in alkali-lye, produces a film which 
takes considerably longer to destroy on exposure to electrolyte than anv that are 
air-formed , eventually, however, the same standard state is achieved m each 
case The passage of corrosion currents has no effect on the ennobling film that 
gives rise to the potential difference which produces them The potentials are 
modified temporarily owing to polarization effects, but these effects rapidlv dxs 
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appeal when tlie current is stopped, leivrng the film imchanged except for the 
action of the electrolyte 

A J Allmand and R H D Barhlie M le Blanc, A Brochet and J Petit, 
A Lob, and R Ruer compared the corrosion of iron by direct and alternating cur 
rent "W J Shutt and V J Stirrup found the time of passivation of iron 
m 2A H 2 S0 4 with current densities, D amp per cm , at 20°, to be 


D 

0 78 

0 911 

1 40 

2 21 

3 23 

Time 

6 01 

4 20 

2 19 

0 86 

0 19 secs 

and at 6° 

D 

0 729 

0 923 

1 56 

2 22 

2 57 

Time 

4 44 

300 

0 69 

0 3* 

0 19 secs 


The time of reco\ery was 0 93 sec at 20° and 3 21 secs at 6° 

W J Muller studied the time required to produce passivity with an iron anode 
treated with unit current densit\ m sulphuric acid of different concentrations, 
and found 

H S0 4 0 06 0 24 0 48 0 04 1 7) 3 13 4 88 9 14 13 2 

Pime (secs ) 0 22 0 26 0 60 1 84 2 99 2 99 2 10 1 54 0 92 

Increasing the concentration of the acid first decreases the liability to passivity to 
a minimum with about 3x> -H 2 S0 4 , and after that the tendency to passivity increases 
The effect of high acid concentrations maj be attributed to the depression of the 
solubilit\ , S y of heptahvdrated ferrous sulphate in the acidic soln , but the short 
time needed with low acid concentrations cannot be so explamed, but it may be due 
to the formation of basic salts, m place of hydrated sulphate, as a cohering (pro 
teetrve) laver The activity coeff for sulphuric acid has a minimum value when 
the time of passivation is a maximum The time of passivation is greatly affected 
b\ temp , being doubled by a rise of 10° W J Muller found that the time of 

passivation, t of iron as anode m soln of sodium sulphate follows the rule 
t—a-\-b log (e m -—e)i(€—e g ) : where a and b are constants , Cm denotes the reversible 
potential of the metal m the pores , e t , the potential of the coatmg , and e, the 
measured potential of the electrode at the time t The potential time curves of 
iron and its allov s were examined b\ R Ma\ , 4 Tra\ ers and J Aubert, W J Shutt 
and \ J Stirrup, H G B} ers and co workers, A Smits, C W Bennett and 
W S Bumhim, E S Hedges, E P Schoch, F Forster, C Fredenhagen, E Hejn 
and 0 Bauer, V Kohlschutter uid H Stager, M Mugdan, U R Evans, and 
\Y J Muller and co workers 

L C Bannister and U R Evans used soln of potassium chromate, and of 
potassium chloride, and observed that when a metal is covered with a porous 
film of oxide, it mav furnish any value between the potentials of the clean metal 
and that of the solid oxide If the oxide film is highly discontinuous, the measured 



potentials will approach that of the film-free metal — A, Fig 404 , if the pores in 
the skin of oxide are very small, the measured potential will be higher — B, Fig 404 , 
and in C, Fig 404, on the assumption that the elevated potential is due to the high 
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resistance imposed by the narrowness of the pore- If, when this stage is attained, 
the break-down extends from the original weak points, the potential will fall first 
rapidlj , and then slowly, as the conditions approach + he limiting case of 1, Fig 404 
The shutting off of oxygen b\ secondarv rust will contribute to the fall Conver*eh , 
if repairing conditions prevail, causing the pores to become narrower or less frequent, 
or rendering the film thicker, the measured potentials will rise In the limiting 
case, the pores vanish, and the potential becomes equal to that of the solid oxide — 
D, Fig 404 It follows, therefore, that a rising potential indicates that weak points 
m the film are bemg repaired , and a falling potential, that the break down is 
extending , a high final potential indicates that the metal resists attack, a middle 
value indicates slight rusting , and a low value, profuse rusting A treatment which 
increases the resistance of iron to attack, raises the potential , and a treatment which 
favours corrosion, lowers the potential The anodic overvoltage was studied hy 
E Newbery, U R Evans, and E Liebreich and W TViederholt The abrupt 
change of potential, observed by F Flade, and others, to occur when iron, as anode 
m sulphuric acid, becomes passive, was found by W Rathert to be different from the 
abrupt change which occurs when the passive metal becomes acti\e C F Holmboe 
observed that m the anodic passivation of different forms of iron and neel, the rule 
that the passivation is greater the greater the degree of puntv of the iron, is not of 
general application 

If the potential of an iron anode which has been passivated m a soln of ferrous 
sulphate be measured at definite intervals of time, the metal becomes activated , 
fa-lrm^ r time m seconds after the mterruption of the current, and referring the 
potential to a normal calomel electrode 

Tun© 3 12 21 32 40 49 55 64 69 73 

Volts 0 300 0 265 0 254 0 238 0 220 0 202 0 180 0 130 -0 420 -0 550 

The results represented by curve Fig 405 were obtained with a soln of 0 473 
mol of ferrous sulphate per litre, on an automatic recorder, by C A L de Bruvn 
The potential first falls rapidly, ab, 
then slowly, be, and finally, rapidly ^ 
again, cd The iron is passive until *1 
the second rapid decrease occurs Dur- ^ 
mg anodic polarization, hydrogen is ^ 
displaced by oxygen , when the current § 
is interrupted, the absorbed oxygen is ^ 
gradually destroyed by the hydrogen 
diffusing back The retardation of Fig 405 —The Activation of Passi\e Iron 
the activation by the oxygen gradually 

decreases, and when the concentration of the oxygen is reduced to a low enough 
value, a rapid change to the active state occurs and the iron then contains 
hydrogen The proportion of feme 10 ns m the soln is also of importance since 
they retard the process of activation and favour passivation The results II, 
Fig 405, were obtained with a soln to which 0*00024 mol per litre of FeCl 2 was 
also added, curve III, with 0 00036 mol FeCl s , and curve IV, with 000048 
mol FeCl 2 This shows that Cl' ions are powerful catalysts m accelerating the 
activation which is favoured by a rise of temp thus, at 93°, the polarizing 
current, m milliamps per sq cm , is 1 0 , at 79°, 0 6 , and at 64°, 0 3 

In general, under the conditions necessary for producing the passive state, the 
anodic potential of iron 13 reduced According to J F Chittum, m cone nitric 
acid soln , the anodic potential of the iron is reduced to a much lower value than 
is thought to be accounted for by the presence of an insoluble oxide, even by a 
higher oxide, if any snch could be formed under the conditions In a lk aline soln , 
the anodic potential of iron is reduced to a lower value than can be explained b^ the 
presence of an insoluble oxide, and the higher oxide, FeOg, is soluble m most alkabne 

vol xm 2 L 
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M)lu Iron, if not disturbed, dissolves ver} slowl} in cone nitric acid, and in 
alkaline soln , differential passivity accompanies differential aeration 

The potential of iron m a finelv divided state, asm amalgams Fe(Hg)->Fe +2©, 
was *hown bv W H Hampton, and W J Sweene) to be 0 441 \ olt at 25° , and 
J C Earner, and J Sweenev showed that the emf of a cell Fe | Fe(0H) 2 sat 
soln | Ho isO 169 \ olt at 25° with hvdrogenat 1 atm press , if less than this press , 
the potential is greater J F Chittum defines passnitv as the “ tendency of iron 
to exhibit a potential lower than that of an iron amalgam under the same conditions 
if the amalgam should behave like sodium amalgam ” According to J F Chittum, 
soft iron, and annealed and allov steels are in equilibrium with Fe(OH) -ions over 
the range pg—l 0 to 6 0 when no oxidizing agent is present , and the slope of the 
curve for the potential with different concentrations of the H -ions is different if 
chlorides and sulphates are present Tempered steels are m equilibrium with a 
higher oxide of iron with v alues of p# from 3 0 to 6 0, presumably because the higher 
oxide is inclosed m surface crevices In the presence of oxidizing agents, soft iron, 
and annealed, ordinary and alloy steels are m equilibrium with Fe(OH) ions over the 
range pR=l 0 to 3 0, and m equikbnum with a higher oxide of iron over the range 
pu=i 0 to 6 0 ith values of pH exceeding 6 0, the land of iron oxide with which 
the metal is in equilibrium is soluble and as its solubility increases, the tendency 
for this hind of iron to revert to metallic iron increases to nearly a constant value 
This is true only of a higher oxide of iron which is increasingly soluble in alkalme 
soln as a ferrate Consequently , m soln with Ph exceeding 6 0, the iron beha\ es 

as the electrode Fe+3H 2 0-->Fe<V-}-6H +4© The higher oxide is here assumed 
to be Fe0 2 , and it is concluded that a rod of iron behaves as the electrode Fe+2H 2 0 
->Fe0 2 -4-4H -r40 except under conditions where the oxide dissolves or is reduced 
In the absence of oxidizing agents, or in the presence of reducing agents m soln 
with v alues of p H between 4 0 and 9 0— the neutral range — the condition unfavour 
able for the higher oxide electrode is the absence of sufficient oxy gen for the catalytic 
oxidation of the secondary products of corrosion, e g ferrous ions, should the higher 
oxide be reduced, or the hydrogen be depolarized if the h} dr oxv ferrous iron electrode 
is established This condition may occur when oxygen is absent, or when onl} a 
limited supplj is present "When the H ion concentration is greater than corre 
sponds with pH— 3 0, and m the absence of strong oxidizing agents, the higher oxide 
is unstable, and is largely reduced to the ferrous state With conditions unfavour 
able for the existence of the higher oxide, the iron behaves like the electrode 
Fe-H 2 0->Fe(OH) +H +2© , and the electrode Fe0 2 +3H + 2©-»Fe(OH) 
+H 2 0 is present before the iron behaves as a hy drox} ferrous ion electrode The 

cathode potential of the latter electrode is greater than that of the electrode FeO? 
+4H -i©^Fe-y2H 2 0 until the electrode Fe4-H 2 O->Fe(0H) +H +2© is 
established the hy droxyferrous ions are produced except in alkalme soln where 
thev are c italvtically oxidized to the higher oxide through the intermediate 
formation of a peroxide When the hydroxyferrous ion electrode is established, it 
is assumed that there will be both the higher oxide electrode and hydrogen electrode 
to behav e as cathodes 

The iron electrode has its greatest anode potential when it is covered with a film 
of water, because the lack of polarity m the film prevents the dissolution of the 
FeOj and the presence of FeO/ ions , that is, the reaction Fe0 2 +20H'=Fe0 3 '+H 2 0 
is suppressed because of the lack of OH'-ions, and the electrode Fe+H 2 0->Fe0 2 
+4H -t-4© has its greatest potential because of the small concentration of the 
H -ions The iron electrode has its greatest cathode potential when it is covered 
with a cone acid soln of a strong oxidizing agent There is then built up a high 
local concentration of Fe -ions, on account of the solubility of Fe0 2 in cone acid 
soln , according to the reaction Fe0 2 +2H 2 0->Fe +40H', and tie stability of 
the Fe ions, m the presence of a strong oxidizing agent 

In f I* (. hittum * theorv of pasbiv it> it is assumed that ordinary iron is passive, 
md the active iron is the result of a chemical reaction in which iron behaves as a 
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higher o-uHe electrode, and di-ulves in the ingher state of oxidation Tht i . me 
oV-ervid b\ W J Muller to be required for the production of the pa«-ive stite bv 
inode polarization is the tune it takes a 'ever-a’ of +he c’ectrcde FeO_— 3H —2 
— >Ft(OH) — H«0 to raise the concentration of the Richer oaude unNl the ,ron behaa v - 
i' the electrode Fe— 2Hi0-&Fe0 2 — 4H — 4 - 

U R Ev ans pointed out that high H nuifone tud low current de»'-rt • fnour 
anodic corrosion at a high efficient! , while i I«-w H ion cone erd *ich current 
densitv fax our pa-smtv Under mtermedire coi d t on- it is -omet jie- po=->L'« 
to produce a condition of periodic dissolution in ^ met +ne iron alternate- periodica’K 
between the active and passive states— periodic pa*>iuf</ Fg 406 X \ bmi+« 
md C A L de Bruvn The phenomenon was fir-t me’-’- ored t% G T teehner 
m 1828 Observations were il«o made bv A Adler, M Farad a,, (' F'euerh^en 
H L Heathcote, E S Hedge-, T F W Herschel J P Joule R Ereritnn 
M Kistiakowskx, A J Maas, W Rathert, \V Rollmann an.’ C F Konorbem 
I F TS Herschel noticed that the current sometimes surjes tv-ek and forth i«d 
the evolution of gas shows similar pulsation- somewhat re-emr'lmc tho-e outlined 
bv A Av ogadro with an iron bismuth couple in cone mtnc acaf V ^nut- md 
0 t L de Bruyn pointed out that since the pa — iv e -rate of iron can * . rer’ov . f i bv 
bringing the metal m contact with soln contammg halogen jons it ’night be pt*— ble 
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to set out periodic phenomena which would make their appearance if the halogen 
ions were added to the electrolyte during anodic polarization ty hen iron is anodic ilh 
polarized m a soln of ferrous sulphate, and a soln of ferrous chlonde is introduced 
the catalytic influence of the chlorine ions manifests itself m a fall of potential , if 
the addition of ferrous chloride is continued, at a given stage, a rapid fall of potential 
occurs as the iron passes from the passive to the active state For a given rite of 
dissolution of iron, determined by the current densitv , there exists a Cl ion cone 
at which, at any given moment, the chance of iron remaining passive is ]u*t equal 
to its becoming active If, at this moment activation occurs, then whilst the ion 
mode dissolves extremely slowly when m the passive state, when it becomes 'ictiv e, 
it passes into soln at a rate which corresponds with the strength of the current 
The influence of Cl'-ions on the anode now changes, for the extent to which the 
GT ions dissolve in the metal depends on the rate at which the metal ions pass into 
soln If this rate be great, fewer Cl' ions can be dissolv ed m the metal surface than 
when the rate of dissolution is small This changes the state of the active iron 
If the iron becomes passive, the soln of Cl'-ions m the metal again becomes large, 
and at a definite moment activation occurs By measuring the potential irnmedi itelv 
after the current is interrupted, A Smits and C A L de Bruvn observ ed that if the 
current density is not great enough to cause the non to become passiv e, instead of 
being less negative, the iron becomes more stronglv negative, showing that after 
anodic polarization, iron exhibits a change of potential m the opposite direction to 
that observed during the passage of the current Immediately after the anodic 
polarization of iron, the potential passes through a minimum and then rapidlv 
rises to its original value The periodic phenomenon was investigated bv 
\\ Ostwald,A Smits and C A L de Bruyn, E S Hedges and T F Myers, \ Idler 
E S Hedges R S Lillie, and 0 Fredenhagen 

R S Lillie showed certain analogies in the activation of passive iron md in 
irritable and conducting Irving element like a nerve fibre or a muscle cell Thus, 
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when passive iron wire is dipped into mtnc acid of a concentration above a certain 
critical concentration, the activation is only temporary, and is followed immediately 
bv an automatic return of the metal to the passive condition Activation initiated 
at any part of such a wire is thus transmitted rapidly along its whole length m a 
wave like manner, each region as it becomes active activating the region adjoining, 
and immediately becoming passive agam itself In order to maintain activity m 
the living system, constant repetition of stimulation is necessary, and, similarly, 
chemical activity in a passive wire immersed in mtnc acid (sp gr 1 42) is an 
automatically self-limiting process, which can be maintained only by repeated 
contacts with the activating metal After a wire has been activated in the usual 
manner, and has reverted to the passive state, it is found to be impossible to 
reactivate it until a definite interval of time has elapsed 

G Wetzlar could not detect any influence by a magnetic field on passive iron, 
but, according to E L Nichols, E L Nichols and W S Franklin, and T Andrews, 
magnetization is also an activating agent, for magnetized steel bars are less passive 
m warm nitric acid than unmagnetized ones Thus, T Andrews found that iron 
which remained passive m nitric acid of sp gr 1 42 up to 90°, became active at 51° 
when placed m a magnetic field H G Byers and co-workers also observed that the 
current density required to make iron passive is increased when m a magnetic field 
Thus, with 5 per cent mtnc acid, and with hard steels, the current densities m 
milliamps per sq cm required to make the iron passive without a magnetic field 
were respectively 382 and 411 , with a current for the N-pole, respectively 426 
and 466 , and with a current for the S pole, respectively 454 and 503 Hence, soft 
steel is affected to a greater extent than hard steel , and the positive pole of a 
magnet is more easily rendered passive than is the negative pole H Eggerfc 
observed that the anodic behaviour of iron m non-aqueous electrolytes is similar 
to what it is in aq electrolytes Z C Mutaftschieff observed that the rate of 
attack of iron by mtnc acid of sp gr 1 39 to 1 41 is not affected by the application 
of magnetic field, but with acid not sufficiently concentrated to effect passivation, 
the rate is much increased G Bemdt, T Gross, R S Dean, and U Sborgi and 
A Borgia also studied the effect 

It is probable that most of the metals may be passivated under suitable con 
ditions, for the phenomenon has been recorded with the metals tin, lead cadmium, 
zinc, magnesium, silver, copper, tungsten, molybdenum, uranium, platinum, 
ruthenium, gold, m a n ganese, vanadium, columbium, tantalum, bismuth, chromium, 
aluminium, iron, cobalt, and mckel The most satisfactory theory to account for 
the passivity of iron assumes that it is due to the formation of a superficial film 
of a product of the action of oxygen on the metal This, said M Faraday, fits in 
with the general observation that the passive state is produced by oxidation pro- 
cesses , that iron coated with oxide is insoluble in acids , and that the passive 
condition disappears when the metal is polished In 1836, m reply to a letter from 
C F Schonbem, M Faraday wrote 

My strong impression is that the surface of the [passive] iron is oxidized, or that the 
surface particles are in such relation to the oxygen of the electrolyte as to be equivalent to 
oxidation and having thus their affinity for oxygen satisfie d and not being dissolved 
by the acid under the circumstances, there is no renewal of the metallic surface and no 
reiteration of the attraction of the successive particles of iron on the elements of successive 
particles of the electrolyte 

G T Fechner, in 1828, tried and rejected the hypothesis that the passive state 
is due to the formation of a protective insoluble film , and G F Schonbem contested 
M Farada} s explanation chiefly on the ground that the passive state persisted in 
dd mtnc acid yhich would be expected to dissolve a film of any known oxide if 
it were formed M Faradav, however, pointed out that his explanation had been 
misunderstood, for he meant not an actual oxidation but a relation , a delicate equili- 
brium of forces where there is association without combination R Borchers 
suggested that passivity is produced by the combination of oxygen atoms with 
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surface iron atoms, but B Strauss failed to obtain an> evidence of the formation of 
such a layer E Bamann assumed that the film is fenosic oxide which dissohe 3 
m dil but not m the cone nitric acid , H L Heathcote f o and tnat the rev er^e 
i*» true of orcunarv ferrosic oxide The nature of the olue him which forn s on iron 
which has been heated to about 290 3 approximates TiFeO Ft^O*, as indicated el^e 
where C E W Belck observed that rods heated 13 mins m air are pa^-i\ e to 
mtnc acid of sp gr 1 2, and to a soln of copper ^phate F Haber and F Gold 
schmidt suggested that the film is composed of an oxide Fe 2 0 3 2Fe 3 0 4 , which is 
an electrical conductor H L Heathcote showed that bighlv polished rod^ kept 
cool durmg the polishing, always show a dulling ol t^e surface when, immersed m 
cone mtnc acid The oxide film hypothesis was fav oured bv H S \lien, 
T Andrews, W Beetz, C 3i\ Bennett and W B Bumha n, W B Dunvtan and 
J B Hill, 0 Eisenhut, U B Evans and co workers, F Flade, V Frtdenhagen, 
H Freundlich and co-workers, H Gautier and G Charpv , F Goldmann md E Bupp 
C M Gordon and F E Clark, G Grube, F Haber and co workers, H L Heathcote, 
E S Hedges, N A Izgarischeff, W Kistiakowsk\ , P Krassa,B Lambert E Liebreich 
md W Wiederholt, L McCulloch, W Manchot W D Bichardson, E Piet&eh and 
E Josephy, F J Micheh, E Muller and F Spitzer, W Muthmann and F Frauen 
beiger, H M Noad, E Bamann, E K Bideal,W Rollmann, B Buer, E P Schoch, 
L Tronstad, G Wetzlar, G Wiedemann, and H Wieland and W Franke 

W J Muller and J G Komgsberger found that the reflecting powers of mm 
mirrors are always the same when they have been immersed m alkaline soln , both 
m their natural condition, and when polarized anodicallv and cathodicalh Tins 
was taken to prove that the passive state is not due to the formation of a film of 
oxide , but A Fmdlay showed that the argument breaks down because a film of 
molecular dimensions might suffice to produce passivity, a thickness of the order 
of the wave-length of light would be required to affect the reflecting power of the 
metal H Freundlich and co-workers have shown that the optical properties of 
passive iron are not the same as those of active iron On admitting oxegen to the 
surfaces of mirrors of pure iron, a sudden change occurs in the phase relations of 
the two components of elliptically polarized light reflected from the metal This 
is attributed to the formation of a film of oxide The chemical activity of the non 
at the same time is reduced so that the iron becomes unaffected by nitric acid of 
concentrations which have a marked action on iron mirrors if introduced before the 
admission, of oxygen H Freundlich and co-workers, F Forster, E Liebreich, 
I Langmuir, Q Patscheke, L Tronstad, and H S Allen also showed that the 
surface of passive and active iron have different optical properties, although 
E Becker and H Hilberg could not find much difference H S Allen found that dry 
active iron exhibits a considerably higher photoelectric activity than the metal 
which has been passivated by immersion m cone mtnc acid, or by anodic polarization 
in dil sulphuric acid He said that this is in agreement with the assumption that 
the cause of passivity is to be found m the condition of the gaseous layer at the 
surfaces of the metal Analogous results were obtained by W Frese H L Heath 
cote said that the assumption that passivity is produced by a protective film of 
gas does not explain how dry passive iron, rubbed lightly with cotton-wool, can 
retain its passivity m vacuo W J Muller, W J Muller and W Machu, and 
W Machu discussed the effect of a surface film on the potential of a metal 
E Liebreich and W Wiederholt measured the anodic and cathodic behaviour of 
iron m 10 ^-HgSO* and found discontinuities corresponding with passivity 
which were explained by the formation of a film of a higher oxide 0 Benedicks 
and P Sederholm, and H Hauschild made observations on surface films E Bupp 
and E Schmid studied the reflection of electrons from passive iron but could 
not identify the film which is formed with films of haematite or magnetite 
J Gillis, and F Ehroger and E Nahrmg examined passive iron by the X-rav 
method and concluded that fi lm s of oxide thicker than 10~ 7 cm are not present 
on the surface of the passive metal This argument is not of much weight when 
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it is remembered, as pointed out b} U R Evans, that it is highly improbable 
that films of this order of magmtude would produce the oxide lines m the X radio 
grams The formation of invisible films of oxide on the surface of iron, etc , has 
been demonstrated bv T>V H J Vernon H S Allen, TV Frese, E Liebreich, 
W Kistiakowsky and I \ Krotoff, A L Bernoulli, T Fujihara, and F H Con 
stable L Tronstad added that the film of oxide on passiv e iron is not totally 
destroyed on activation, but it becomes porous and spongy , on re passivation, 
the holes are refilled with oxide, and the film becomes thicker The film has an 
index of refraction of about 3 0, and is about 30 A thick The partial destruction 
of the film on acti\ ation is more pronounced on the grains of ferrite than on the 
grams of cementite W Boas and E Rupp found that iron of passive state 
\ lelds several electronic beams m addition to those shown by iron m the active 
state F V Bowden and E K Rideal found that the true surface area of metals 
great!} exceeds the apparent area, especially after abrasion or similar treatment, 
presumably owing to the openmg of innumerable fissures on the surface 

U R Evans and co workers also studied the distribution of the oxide films on 
such surfaces U R Evans said 

The feme oxide film usuallv present on iron is rapidly destroyed by dil sulphuric acid 
owing to the formation of the circuit Fe | Xcid | Oxide the feme oxide suffers cathodic 
reduction to ferrous oxide which is rapidly dissolved bv the acid If the reduction is 
prt\ ented bv the presence of an excess of chromic acid or bv anodic treatment of the speci 
men as a whole the film can remain m contact with 0 13/ H 2 S0 4 for hours without change 
This txpiams whv iron can remain passive m acidic soln during anodic treatment The 
explanation of anodic passivity in acid soln is as follows V\ hen lead is anodicaUv treated 
m sulphuric acid the conversion of the metallic sunace into sulphate will protect the metal 
below but with an iron anode this will onlv occur when the liquid has locally become 
saturated with ferrous sulphate that stage, anv further current must be expended 
on the production of oxygen and although the bubbles stn the liquid, dispelling the 
saturated layei the metallic surface may in the meanwhile have been converted into ferru 
oxide, which will protect the metal so long as the current continues to flow Indeed, i 
short interruption of eurient can also be toleiated without resumption of activity and this 
seems to depend on the presence of an oxvgen supercharge which prevents reduction to 
the rapidlv soluble, lower oxide 

I R Evans also observed that 

Hie him produced bv oxidizing agencies on metals necessarily ceases to thicken as soon 
as it becomes sufficiently protective to exclude the oxidizing agent The considerable 
thickening of the film which occurs on freshlv abraded iron proceeds through the production 
of cracks due to tl e internal stresses left by the abrasion onlv when this cracking of the 
film has ceased will the thickening come to an end Since a cracked film produces no 
passivity eoarselv ground metal requires a longer time to become passive than finely 
ground metal and develops a thicker film especially if substances be present m the solution 
w hich are capable ot penetrating the smallest cracks (e g chlorine ions) The films obtained 
from abraded specimens attain thicknesses ot the order 10~* cm and can be isolated from 
their baseband studied In the presence of a regulated amount of penetrating anions the 
thickness raav come to exceed 4 > 10~* cm , and the filmic will then give rise to interference 
tints < treat thickening is onlv to be obtained under conditions which render the material 
less perfectly protectiye, and there is naturally some danger that the film will break down 
altogether t nder suitable conditions however considerable thickness may be reached 
bpec imeiib were prepared showing the complete sequence of interference tints right up to the 
late second order colours , although produced at room temp , the sequence of colours is the 
same as that of the temper colour obtained at high temp and the tints are, on the whole, 
brighter 

According to \\ Manehot, 3 per cent ozone m the cold acting on the surface of 
a metal covered with a thm film of oxide, produces a visible deposit of oxide 
This occurs with iron which has been passivated by immersion m nitric acid, or 
anodicall} m dil sulphuric acid, which instantly reacts with the ozone showing that 
its surface is coated with oxide , but active iron shows no such semitiv eness towards 
o? one E Muller and F Spitzer found that iron, cobalt, or nickel, when anodically 
polamed m alkali-lye, becomes coated with the respective oxides, and at the same 
time becomes passive The} also avoided the presence of the metal by examining 
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*he beh iv a*ur of piat^iui i electrodes coated With thr oxides of the rtspectiv e metaL 
Tiiese electrodes, on anodic polarization, behived like pasMVc electrodes of the 
inf taU themseh e& All this is m agreement w ith the i-sumption tL it the passiv itv 
of the metals a produced bv a coating of o\ de 

F Habtr and F Goldscnmidt showed nut iron rendered pas^i,e bv anodic 
polarization m alkalme solr witnout losing ns ^eta^ic lustr* omes coated with 
a lav er of hv dro\ide on addmg halogen ions F H i ber ana \\ Maitland, found that 
averv cone soln of alkaL renders pawv e iron irtive i id that it act~ bv absolving 
a superficial film of oxide P Kras>a showed that it boding cone alkali aolr 
polarization of the iron is followed bv the arode becoming pawv t md the pa^v e 
state is preceded bv the formation of a visible coating on tne metal G Gruht 
found th it m the electrolytic oxidation of ferroevamae-, anodes of iron, nickel, cobalt, 
topper, lead, and silver m neutral soln of potassium ferroevamde and ferrievamd* , 
and anodes of iron, lead, siher, and zme m alkalme soln of the "ime salts, become 
strongh passive owmg to the formation of an maoluble co it mg on the anode In 
*ome other cases there was no evidence of the formation of an insoluble film, and 
passivit) was ascribed to an oxvgen charge retarding the liberation of tne cations 
of the metal E S Hedges concluded that pas&xv ity produced by anodic pol ^riza- 
tion and by chemical means is the result of the formation of a fiir of oxidized 
material 

\\ Ostwald said that none of the known oxides can proauce passA’tv, and 
therefore unknown oxides must be unstable because of tne ease of +he transition 
from the passive to the active state According to C W Bennett and W b Bam 
ham, the various objections which have been made to the ox de film hv pother do 
not apply if it be assumed that an unstable oxide is formed dur»ng the pas»iv ition 
of iron, and that this oxide becomes stable when it is absorbed bv metallic iron 
The surface film of the adsorbed unstable oxide protects the metal from the action 
of the acid The increase in the stabilitv of the oxide through adsorption is com- 
pared with the effect of sodium hydroxide on a boiling soln of copper sulphite 
containing a small amount of manganese sulphate , a precipitate of blue copper 
hydroxide, Cu(OH) 2 , is obtained Cupric hvdroxide is probablv precipitated if 
the manganese salt be omitted, but it is decomposed so qrnchh that cupric oxide 
CuO, alone appears is the product of the reaction The manganese salt, if it be 
present, is absorbed by the cupric hydroxide which thereby becomes stable under 
conditions where it would be decomposed if alone C W Bennett and W S Burnnam 
said (i) a considerable amount of oxide may be adsorbed without its changing the 
appearance of the surface Iron becomes passi\ e when dipped in a soln of potassium 
ferrate, and it is assumed that the unstable oxide which produces passivAv cannot 
be higher than FeO s , and possibly is Fe0 2 C Fredenhagen also noticed that 
passive iron anode fields a substance which evohes oxygen when chlorides are 
present This maj be due to the hv drochlonc acid formed at the anode reacting 
with the higher iron oxide to furnish orvgen Active chromium becomes passive 
m soln of chromic acid or sodium chromate, and as in the case of iron in a soln of 
potassium ferrate , it might be inferred that the oxide formed on the chromium 
cannot be higher than Cr0 3 , but Cr0 3 is soluble in the liquid, and therefore 
C W Bennett and W S Burnham infer that the unstable oxide is Cr0 2 , which, on 
adsorption by the metal, makes the chromium passiv e When lead is passivated 

b> making it the anode m an electrolyte of dii sulphuric acid, the film of lead 
dioxide, Pb0 2 , is stable, visible, and unquestioned U R Ev ms and co workers 
showed that the passive film after it has been separated from passive iron, consists 
of ferric oxide or m part of hvdrated feme oxide with some metal inclusions 
W D Bancroft, and D R Hale found that iron rendered passive bv anodic treatment 
has at first a high potential due to a surcharge of oxvgen which maj be present as 
an unstable higher oxide, but A Smits pomted out that when the iron is allowed to 
stand, its potential sinks with a marked arrot it about 2 ?h= 0 54 volt Hence, 
added L C Bannister and U R Evans, if the original high \Jue is due to a higher 



520 


INORGANIC AND THEORETICAL CHEMISTRY 


oxide, the arrest represents the formation of ferric oxide , the electrode potential 
is an unsatisfactory test for the oxygen content of a solid phase , and a higher 
oxide is not. necessary for explaining passmt> W J Muller and W Machu 
discussed the nature of the films on passive iron The oxide-film hypothesis of 
passivity was opposed by G T Fechner, C Fredenhagen, W Hittorf, F Kruger 
and E Nahrmg, B Lambert, M Martens, W T J Muller and J Komgsberger, 
M Mugdan, W Muthmann and W Frauenberger, J M Ordway, W Rathert, and 
C F Schonbem 

In W Hittorf s so called expenmentum crucis to prove that the passivity of 
chromium is not due to a solid film of oxide, it was shown that chromium becomes 
passive when made the anode m a soln of potassium iodide The experiment is not 
really decisive, because the hydrogen liberated at the cathode does not reduce the 
fi lm of chromium oxide which is probably formed on the chromium anode by 
depolarization of the oxygen present Adsorption is usually decreased with rise 
of temp , and the liberated oxide being unstable when freed, is accordingly liable to 
decomposition The gradual adsorption of the oxide would give a smooth voltage 
current curve free from breaks, since the corresponding e m f would vary con- 
tinuously from that of metallic iron to that of the adsorbed oxide The oxide film 
is not reduced by air, it merely decomposes liberating oxygen, just as many sub 
stances liberate oxygen when they are oxidized to higher oxides which decompose 
readily back to the original oxide The instability of wet passive iron in air or m 
vacuo is due to the gradual soln of the adsorbed oxide m the liquid film , a dried 
piece of passrv e iron is comparatively stable, for it can be kept indefinitely Instead 
of assuming that the passivity of iron is produced by a film of oxide, others have 
suggested that a film of oxygen, or a film of a solid soln , or something less definite 
than the oxide is formed This view was taken by H G Byers and S G Langdon, 
F Flade, C Fredenhagen, G Grube, E Jordis, I Langmuir, W Muthmann and 
F Frauenbexger, G Osann, P de Regnon, E Pietsch and co-workers, G M Schwab 
and E Pietsch, I N Stransky and Z C Mutaftschieff, and G Ta mmann 

According to H 0 Forrest and co-workers, the resistance of the stainless 
chromium steels involves the building up of an insoluble oxide film on the surface 
of the metal This film is dense, adherent and not penetrated by the corroding 
medium, so that it protects the metal from further attack The rate of attack by 
oxygenated water during the initial period before the protective film is formed, was 
found to be of the same order of magnitude with 18 8 per cent chromium nickel 
steel, a 14 per cent chromium steel, and an ordinary steel B Strauss, and 
R Borchers attributed also passivation to the union of oxygen with the surface 
atoms of iron 

E St Edme suggested that the film formed during the passivation of iron by 
nitnc acid is iron nitride, not oxide F Hanaman discussed the passivity induced 
by nitndizmg the surface of iron by heating it m ammonia gas A L Bernoulli, 
S W Young and E M Hogg, A Mousson, L Varenne, and C Fredenhagen said 
that a surface film of nitrous acid or nitnc oxide will make iron passive W Beetz, 
C F Schonbem, E Ramazrn, and M Bibart did not agree 

S W Young and E M Hogg regarded the passive state as the result of a 
condition of equilibrium between iron and nitrogen peroxide — vide supra When 
iron is passivated in nitrogen peroxide, a weighable amount of the gas is absorbed 
by the iron, and on exposure of the passivated iron to moist air, drops of acid liquor 
are formed on the surface Iron is capable of absorbing nitrogen peroxide from 
any soln in which it is being produced, and the rate of reaction is thereby inhibited 
The degree of inhibition will therefore be determined by the concentration of 
nitrogen peroxide which it is itself capable of Since iron passivated 

by dry nitrogen peroxide is more persistently passive than that which is passivated 
in nitnc acid, it seems probable that the amount of nitrogen peroxide absorbed by 
iron from even cone mtec acid is relatively quite small 

C Fredenhagen said that the passivity produced by anodic polarization in 
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sulphuric acid i<* different from the passi\ it\ produced bv immersion m cone nitric 
acid, and he suggested that the passrwtv m the former case is produced bv a laver 
of owgen gas, and in the latter case, by a Lner of nitnc ovde M Magdan also 
attributed the resistance of iron to cone sulphuric acid to the passi\ at 1 on of the 
metal he found that when opposed to the h\ diogen electrode the potential of 
soft iron m dil sulphuric acid i& 0 2 to 0 3 \ o!t and in tne cull acd, 0 f>4 volt , 
with cast iron the potential is —0 1 v oH 

M P Appleberg and S H Wilkes, ana L MeC alloc n attributed "ome ca&es of 
passivity to the presence of a sparmglv soluble sulphate film JAN Friend 
supposed that the passivity produced by chromic ac^d is due to th^ formation of a 
film of a chromate which is soluble in a soln of sodium cJaiondc H Brace nnot, and 
M Boutnrv and M Chateau assumed that the passivity m cone nitric amd I** due 
to the insolubility of iron nitrate in that menstruum, but A fccheurer Keener 
showed that the extent of saturation of the soln of iron mtrate m cone nitric acid 
of varying concentration, had no influence on the result C Tomlnson m his work 
m catharism — or the influence of chemically clean surfaces— sa d that tiiere is no 
apparent difference between the adhesion of gas on chemically clean surfaces, and 
the liquid that holds the gas in soln Cone mtnc acid is a powerful eathamer, and 
bv making the surface of the iron chemically clean enables the acia tc adne^e to 
rfc with force The formation of a nitrate is prevented because mt rates of iron con 
tarn at least 6 eq of water of crystallization, and this is not present m tne stronger 
acid 

0 Sackur assumed that ev ery electrode contains a certain amount of dissoHed 
hydrogen formed by the interaction of H -ions m the electrolyte Tne H -ion con- 
centration corresponds with the equilibrium M~r2H =H 2 -rM for a bivalent 
metal The discharged amon — oxygen, halogen, etc — reacts with and removes 
the hydrogen To re-establish equilibrium the reaction proceeds m a direction 
from left to right, so that the anodic dissolution of the metal is supposed to be a 
chemical process Passivity is produced by a slow rate of reaction between the 
hydrogen and the discharged amon, so that the latter — oxygen, etc — accumulates 
on the electrode Other forms of this hypothesis were suggested by F Haber 
and J Zawadsky, M le Blanc, E P Schoch and co-workers, C Fredenhagen, 
H Kreusler, W Muthruann and F Frauenberger, D Reichmstem, F Forster, 
E Grave, J Stapenhorst, A M Hasebrmk, and G C Schmidt 

A Finkelstem attributed the active state to ferrous iron, and the passive state 
to feme iron The inference was based on the change m the electrode potential 
of iron m mixed feme and ferrous chloride soln as the relative proportions of the 
two salts varied He regarded ordinary iron as a mixture of ferrous and feme, 
whilst feme iron was considered to be a noble form of the metal produced by a 
process of oxidation in the passivifying liquid The ordinary contact e m f measure- 
ments place iron near tin in the Volta senes, and electrolytic measurements place 
it near tm in the electrode potential senes This makes ordinary iron appear to be 
in the ferrous state According to J G Brown, the general chemical properties 
of iron are more like platinum than, tm, and rfc is more likely that ordinary iron is 
essentially feme, and passive, while active iron is ferrous, and the conditions sur- 
rounding the surface of ordinary non are such that when dissolving, it sends ferrous 
ions into soln A similar hypothesis was favoured by H Westlmg, and W J Muller 
R Muller represented the activation of iron as involving the electronic change 
Fe^Fe +2e, and the passivation, Fe^Fe -f 3e, so that the change from the 
active to the passive state is represented by the equation Fe ^Fe +c 
J B Senderens, A Skrabal, J S de Benneville, and W Hittorf seem to have 
believed that the passive state is produced by the formation of a surface lajer of 
allotropic iron 

There are many references in which the passive state is vaguely attributed to a 
physical alteration of the surface of the iron G Wetzlar attributed the passivation 
of non to the assumption of a negative electrical state by the part immersed, while 



522 


INORGANIC AND THEORETICAL CHEMISTRY 


the part not immersed assumes the positive state , JEW Herschel, to a permanent 
electrical state of the surface of the metal , J M Ordway/ to a molecular change 
induced by momentary electric action set up on first contact of the acid with the 
metal J F Darnell, to a change in the relation of the metal to hydrogen and 
owgen, possibly as a result of some difference in mechanical structures, 

J H Andrew, to the potential difference between the hydrogenized, amorphous, 
mtercrystalhne cement, and the hydrogenized, crystalline phase, andG C Schmidt, 
to the change in the surface tension of the solid metal 

In the electronic theory of A S Russell, it is assumed that the orientations of the 
electrons m the activ e and passiv e metal are different The subject was discussed 
by I N Stransk\ and Z C Mutaftschieff, W D Lansing, R Swinne, U Sborgi, and 
A Smits M le Bhnc assumed that active iron sends ions into the electrolyte, 
and that m the case of metals which tend to become passive, these ions combine 
only \erv slowly with water Ion ~~ wat er^Ion hydrate Accordingly the con 

centration of free ions at the electrode becomes so great, and the potential difference 
between electrode and soln becomes so large, that the discharge of anions or of 
oxy gen begins This hypothesis of passivity is based on the observation that even 
when the ion concentration at the electrode is sufficiently large, polarization occurs 
both at the anode and cathode m man} cases where it was not previously suspected 
To explain the facts, a difference between free and hydrated ions is postulated, and 
it is assumed that the hydration and dehydrations of ions is a relatively slow process 
In the so called internal equilibrium theory, A Smits assumed that in addition 
to uncharged atoms and free electrons, iron contains tv o lands of ions of different 
valency — a, or base ions, and /J, or noble ions — which are m equilibrium The 
passive state is assumed when the state of equilibrium is disturbed During the 
modic dissolution of the metal, polarization occurs because the a ions dissolve more 
npidly than equilibrium can be established, and the j8-ions collect on the surface 
of the metal and so make it passive It also explains why passivity is a surface 
phenomenon Ordinary iron always contains hydrogen, and H-ions, like halogen 
ions, greatly accelerate the change from the passive to the active states, % e they 
Citaly tically accelerate the conversion of a into ions until equilibrium is estab 
lished In the anodic soln of iron, when the current density is such that oxygen is 
evolved at the anode, all the hydrogen ions, normally present m ordinary iron, are 
expelled from the surface, and the disturbance of the state of equilibrium between 
the a- and /3-ions reaches a maximum, and the metal becomes passive The hydro 
gen soon diffuses from the interior to the surface where it eatalytically accelerates 
the re-establishment of equilibrium, and the metal becomes active agam When 
iron is immersed in cone nitric acid, the a-ions dissolve with great rapidity and 
H ions are remov ed from the surface of the metal so that the passive condition is 
established , with a soln of ferrous chloride, a ions dissohe rapidly but passivity 
is not produced because both the chlorine ions and the halogen ions eatalytically 
accelerate the change from the passive to the active state, and /} ions nev er accumu- 
late on the surface to produce the passi\e state The subject was discussed by 
H Gerdmg and A Karssen 
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§ 27 Alloys and Intermetallic Compounds of Iron 


It was recommended by C Hatchett (1803) that a systematic examination of all 
allots of metals should be earned out proceeding from the most simple binary ones to 
more complicated ternary or quaternary ones He can hardly have been anaie of the 
extent of his proposed inquiry If we operated upon only thirty of the known metals 
the number of possible selections of binary alloys would be 435, of ternary alloys, 4060, 
of quaternary, 27 405 without paying any regard to the varying proportions of the metals 
and only regarding the kind of metal If we yaned all the ternary alloys by quantities 
not less than I per cent , the number of these alloys would be 11 445 600 — W S Jevons 


-J I Gay Lussac and L J Thenard,* and J H Hassenfratz obtained an iron- 
potessmm alloy in preparing potassium b} the action of iron filings on potassium 
hydroxide, where the \apour of potassium happens to come into contact with the 
non in the cooler part of the furnace The alloy is said to be whiter than iron, 
malleable, and so soft that it will tale an impression from the nail It is also 
more fusible than non oxidizes in an , and effervesces with water and dil acids 
t Girard and J Poulam obtained an iron-sodium alloy or non-potassium alloy 
by exposing molten cast non to the vapours of the alkali metals at 5 to 6 atm 
j sai ? e 8 were obtained by the action of sodium or potassium 
chloride or carbonate on heated non ore, fuel, and flux E E Smith and 
H L Aufderhaar discussed the non sodium alloys F C Calvert and R Johnson 
obtained what the> regarded as potassium tnlemde, KPe s , by heating a mixture 
ot 12 gram atoms of iron flings, 16 gram atoms of potassium tartrate and wood 
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h ircoa 1 m a crucible The regulus i& hard, but *t m%\ be hammered and rolled 
fr is d fticult to hie It readily oxidize^ m vr , md under water If the charcoal 
i c oin tted from the mixture, F C Cahert md R Johnson said that pota ssium 
difemde, KFe^* I®* formed The^e oVer\ a+ on** all reauire extendirg and con- 
tinuing P Oberhoffer discussed the bmarv ailoa* with the alha^ metal** 
N \geeff and M Zamotorm studied the diffusion of btaium into iron and 
1 b Hd^t the effect of sodium and potass am on c iTon 

Sea eral reports of the analysis of ancient copper figures ^how the presence of 
ipprecnble quantities of iron Thus, D Forbes - obta ned for a statue of Buddhi 
probabh dating from about 900 B c found m the remains of a temple at Sooltan 
gunge, on the Ganges copper 91 502 per cent , iron 7 591 silver, 0 021, gold, 
0 005 , traces of manganese and nickel arsenic 0 079 , si lpnur, 0 510 ard she 
n 292 — sp gr 8 29 at 15° The statue was probahK ea**t from crude or unrefined 
copper, and was not an intentional allov H Struve obtained from an ancient 
ornament of sp gr 7 224 copper, 89 7 per cent iron, 9 1 and tin 0 63 
R Budelius, V A Skinder, and R Hunt aho described some ancient ferruginous 
bronzes from Russia, and W Flight, an ancient Egyptian frrrueriMU& bronze 
Allots of iron 'with more or less copper were examined m a de^ulton n anrer from 
the seventeenth through the eighteenth and nineteenth Centura and from 
published work over that period, it is impossible to form a clear idea of the rifiuem e 
of copper on iron and steel T E Stead has collected a number of *t dements, 
mamlv from different metallurgical textbooks, which empha^ze t*e extreme 
views held by different writers on the subject L Savot (1627) r^frrred x o some 
properties of the copper-iron alloys, and G Jar & (1774) mentioned aliens con 
tamrng about 1 per cent of copper T Bergman made expenmerts on some 
allots of copper and iron with and without arsenic, in an attempt to svnthe^ize 
mckel C J B Karsten observed that iron can take up only a aery small pro 
portion of copper, and copper, only a very small proportion of iron M Farada> 
and J Stodart examined some allov s, and their properties were measured In 
R A Hadfield J Riley said that when the two metals are melted together, the 
copper and iron separate from one another on cooling, but a perfect allo\ is formed 
if aluminium be also present F L Garrison found that 5 per cent of copper will 
alloy with steel, but he doubted if a perfect allov could be obtained with 10 per 
cent of copper J O Arnold believed that free copper was present m iron con- 
taining 1 81 per cent of copper H Schneider patented alloys of east iron with 
5 to 20 per cent of copper, while D Mushet found that malleable iron can ht 
alloyed with anv proportion of copper until it equals or ev en exceeds the weigl t 
of copper W hen steel is alloy ed with 5 per cent of copper, he said that none could 
be detected on the surface or on the fracture , with 10 per cent of copper, streaks 
of copper appear on the fractured surface , and with 33 3 per cent , some of the 
copper segregates at the bottom of the ingot The solubilitv of copper, m iron, 
decreases as the proportion of carbon in the iron increases D Mushet, J E Stead, 
P Breuil, H Wedding, and W Muller also noted that the presence of carbon 
depresses the solubility of copper in iron W von Lipm found that gre\ Swedish 
pig iron could be alloyed with 5 per cent of copper , iron with 0 13 per cent of 
carbon dissolved 3 2 per cent of copper , and iron with 0 43 per cent of carbon 
dissolved less than 2 per cent of copper E J Ball and A Wmghim prepared 
alloys of steel with 0 8 to 7 17 per cent of copper , and T E Stead and J Evans, 
steel with 0 5 to 1 3 per cent of copper V 0 Pfeiffer stated that when mixtures 
of iron and copper are melted in a magnesia crucible in an electric furnace, there 
is no depression of the f p of either iron or copper Microscopic examinations of 
the products indicates that iron and copper are mutually insoluble, and that the 
supposed alloys are really solidified emulsions , the sp gr of the two fused metals 
being nearly equal, and the viscosity of the iron considerable, separation mto two 
layers takes place, only very slowly When sufficient time is allowed for the 
separation, the copper layer is found to be free from iron In a similar manner, 
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copper and iron-carbon alloys are found to be mutually insoluble, although finely 
emulsified mixtures are readil} obtained P Breuil said that castings containing 
less than 4 per cent of copper show do segregation no matter what per cent of 
carbon is present , steels with 0 103 to 0 173 per cent of carbon showed no 
segregation with 32 per cent of copper , steels with 0 282 to 0 798 per cent of 
carbon gave a high segregation with 32 per cent of copper — the lower part of an 
ingot contained 24 4 per cent , and the interior 74 8 per cent A Riche also 
obtained a homogeneous alloy with 4 5 per cent of iron , but if the alloy be kept 
molten for some time, the iron tends to accumulate in the upper layers T W Hogg 
observed no signs of the segregation of copper in steel containing 0 05 per cent 
of carbon , and W Muller, no signs of separation with 7 7 per cent of copper m 
iron with 0 14 per cent carbon and 0 09 per cent of sulphur J E Stead added 
that some of the conflicting statements on the effect of copper on iron have arisen 
through overlooking the efiect of carbon m preventmg the two metals alloying 
Pig iron alloys with only a small quantity of copper, whereas punfied iron will 
alloy with any proportion 


Alloys of the two metals were obtained by direct fusion by J Percy, J E Stead, 
R Sahmen, A Portevin, and E Martin , F H Wigham, F Dannert, P Oberhoffer, 

and J Riley obtained the 
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oxide and calcium carbide to 
molten copper , E Sperry added potassium ferrocyanide to molten copper , 
G Wetzlar put & strip of iron in an aq soln of cupnc tartrate and obtained 
brownmh-Mack copper-iron, but F Mylms and 0 Fromm could not confirm this 
* Siebe observed that iron has no action on electrolytic copper below 1100°, 
but ordinary tough pitch ” copper with cuprous oxide, is rendered bnttle and 
porous by contact with iron at 750° This is attributed to the reducing action of 
hydrogen and carbon monoxide in the iron F Sauerwald and E Jamchen studied 
the adh^ion of the particles of a compressed mixture of powdered iron and copper , 
and H E Ddler, and M I Zakharova, the diffusion of copper m iron G Tam- 
* oun( ^ f° r solubility, B per cent , of y-iron m copper 
& Cen |E a j d o£^ ,l0g «=-3792 T-i+ 3 392, and for ajS-iron m copper 
between 630 and 850 , log S=-4003T-i+3 574 It was found that 
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rt^t ^cnttd tht solubilitv of copper m a iron b\ Jbig 408 The solid. solubilitv ol 
< upper m a iron it Cl to 600 is 0 4 per cent and it then .rcre^ses n accord with 
log 6= — il25r~ x -i-4 32 to 3 4 per cent at tht eutecto d temp , *10 P fhebe, 
F Roll, ai d F P Zurunerli studied the actio* of copper on j*on at 1 high temp 
U cording + o R fcihmen, V 0 Pfeiffer is wrong *n his deductions on tht nature of 
the *iIlo\& The equilibrium diagram shows tL 1 * there axe two sere© of solid «*oln 
with 0 to 3 5 per cent and 97 3 to 100 per cent of copper respe^iveh and the 
break in the cooling curve of allo}s witn 3 5 to 97 3 per cent of copper show^ that 
the allo’v solidifies to a congloinente of mixed crvs f als B\ graduillv adding 
copper up to 4 per cent , the transition point of / to j3 iron xs lowered from K78 
to 715°, and remains constant on further addition of copper If, however, the 
solidified allov is heated for some time at 900° to 1000" and again cooled, the 
transition tikes place at 790° The change from jS to a-iron has been followed b} 
magnetic observ ations It occurs about 790", and is not influenced b v the pre&ence 

of copper, so that the latter is not miscible m the solid state with a iron R Ruer 
and C Fick found that the f p curve of the iron-copper astern, F*g 407 ^hows 
that three series of solid soln are formed, one of which is restricted to a \erv *mall 
range of composition at the copper end R Ruer 
and F Goerens observ ed that the f p cun e is 
not horizontal but extends from 24 per cent of 
copper at 1450° to 70 per cent of copper at 1375° 

R Ruer and C Fick observed that two liquid 
phases are formed, and the separation occurs as 
soon as carbon is added, even when the quan+it\ 
is onlv 0 02 per cent The action of carbon ma\ 
be merely a deoxidizing one, remo\mg the films 
of oxide which hinder intermixture of the two 
emulsified liquids Copper retains iron m solid 
soln up to between 1 and 2 per cent , whilst the 
iron rich solid soln contains about 20 per cent 
copper at 1440°, and a much smaller percentage 
at lower temp The magnetic change point is 
lowered to 760° by copper R Ruer and F Goerens 
added that on solidification, the mon-copper 
system behaves as if it were a system with three 
or more substances and, so far as the observations 
go, does not fit m with the phase rule The 
absorption of impurities during the process of 
melting, in amount sufficient to explain the phe- 
nomena, could not be established It must there- 
fore be assumed that a mol complex is formed which, on account of its slow v eiocity 
of production and decomposition, plays the part of a third substance, but further 
confirmation of this view was not obtained C Benedicks discussed the appirent 
breaks m the liquidus curve of iron copper allots L Now&ck, G Masmg, 8 Ko- 
dama, I Kotaira, A Muller, and R Ruer and J Kusehmann showed th it the limited 
range of miscibility of the two metals m the molten state cannot be explained awa\ 
by assuming that it is caused by segregation during solidification The subject was 
studied by H Buchholtz and W Koster, and E L Reed D Hanlon and 
G W Ford found that solid copper dissolves about 4 per cent of iron at 1100°, 
and the solubility falls to less than 0 2 per cent at 750° A Muller observ ed that 
when an alloy of equal proportions of the two elements is heated at \ anous temp , 
the structure of the cold product shown that the lower critical temp for the 
immiscibility is about 1520° Carbon reduces the immiscibilifcv because it is 
soluble in iron only F Ostennann observed that the two elements are miscible 
m all proportions in the liquid state, that in the presence of carbon, there is a 
range of temp within which the two metals are immiscible On adding manganese, 
vol xni 2 m 



Fig 40S — The Solubilitv of 
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this range of immiscibilitv disappears A S Russell observed that where an 
amalgam of the two metals is exposed to an oxidizing agent, the copper is alone 
oxidized until the at proportion becomes Cu Fe, when both metals are after 
wards oxidized at the same rate, in agreement with the assumption that a 
compound CuFe is formed A Muller studied the subject 

According to F Osmond, as the proportion of copper rises, the arrest A 3 is 
lowered 40° to 50° m a steel containing 0 847 per cent of copper , and m a steel 
with 4 10 per cent of copper, the arrests A 2 and A 3 , coincide at 730° to 720° , 
whilst Aj is lowered to 625°-60Cf The effect of copper on the allotropes of 
iron thus resembles that of carbon but to a less degree, and its influence on the 
recalescence is similar to that of manganese and nickel The elements may be 
arranged in two groups (i) those with at v ols less than 7 2, the v alue for iron— 
eg O (3 6), B (4 1), Ni (6 7), Mn (6 9) and Cu (7 1) , and (n) those with at vols 
greater than that of iron — e g Cr (7 7), W (9 6), Si (11 2), As (13 2), P (13 5), and 
S (15 7) The elements m the first group retard the conversion of /? into a iron, 
and that of temper carbon into annealing carbon Hence, if the rate of cooling is 
equal, they mcrease the proportion of /? iron m the cooled metal, and consequently 
also its hardness , and the) are therefore equivalent m effect to a higher or lower 
degree of tempering Elements with a higher at vol than iron tend to raise, or 
keep at its normal temp , the conversion of /? into a iron, and hence they render 
the rev erse change more or less incomplete during heating, and, as a rule, hasten 
the corn ersion of temper carbon into annealing carbon They therefore keep the 
iron m the a state at x high temp , and also at a low temp , and their presence m 
iron would be one cause of softness and malleability, resembling in this respect the 
operation of annealmg, if it were not that their o^n properties and those of their 
compounds produce strongly marked secondary effects P Breuil also studied the 
effect of copper on the critical points of steel (i) With steels having 0 103 to 0 173 
per cent of carbon, no distinct change was observed with the Ar 3 and Ar 2 arrests 
when the proportion of copper was below 8 per cent , but above that proportion, 
there is a long arrest at about 730° , at 740° for steels with 16 per cent of copper , 
and at 675° for steels with 32 per cent of copper (n) "With steels containing 
0 282 to 0 412 per cent of carbon, the Ax 1 arrest is lowered from 720° to 630° with 
steels containing 16 per cent of copper , and with steels contammg 0 56 to 0 79 per 
cent of carbon, the Ar 2 arrest points all occur between 570° and 600° A F Stogoff 
and W S Messkm found that with copper steels, having 0 7 to 1 2 per cent carbon 
and 1 to 5 per cent of copper, the Ar r point is lowered and the temp interval 
between the Ar r and the Ac r pomts ib lowered by increasing the proportion of 
copper T Ishiwara and co-workers studied the ternary system Cu-C-Fe, for 
alio vs with up to 30 per cent of copper At 1100° there is an invariant point 
corresponding with a concentration of 4 3 per cent 0, and 3 3 per cent Cu at the 
intersection of the eutectic and monotectic lines The maximum concentration of 
the y solid soln is about 3 5 per cent C and 3 8 per cent Cu The eutectoid Ime 
starts from the bmarv iron copper eutectoid pomt at 2 3 per cent Cu and 833° and 
graduallv descends, the copper content decreasing as the carbon mcreases Addition 
of copper to steel lowers the transformation pomt 20° with 2 per cent Cu , the 
eutectoid mvarnnt pomt corresponds with a composition of 0 9 per cent C, 1 75 per 
cent Cu, and 97 35 per cent Fe at 700° Saturation of iron with copper to give a 
uniform solid soln lowers the A 2 pomt by about 10° H Wedding and W Muller, 
H Buchholtz and W Roster, A Carnot and E Goutal, K G Lewis, and M Hama 
bumi also made observations on this subject H Sawamura, J W Donaldson, 
and F Roll found that copper decomposes cementite E Piwowarsky studied 
the action of copper m cast iron , C S Smith and E W Palmer, the precipitation 
hardness , and G Masing, the age hardening of the copper iron alloys 

According to H von Juptner, steel with 3 4 per cent of copper and dissolved m 
hvdrochlonc acid, or an ammonium salt soln and neutralized hydrogen dioxide, 
leaves fine, microscopic threads of copper According to J E Stead, the micro 
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graphical study of *teels contaimrg copper it id'* f o the cont or that the topper 
retards the formition of pearlite Tbe e sfreL diffenrg onH in copper under 
ike comparatiye rapid eoolma, when cola, contun more aiffn^ul carbide when 
cupper is present than when ibsert Wi+h yerv *iow cooling the ci -hides appear 
to ^epnrate equally well in both the cup-eon* ?rd normal Ta*b pecuhariti 

explains wh\ annealmg and slow cooLng ha\e the mark a ^uftenir^ effect Tie 
growth of the crystalline structure was d scu^ed b\ R Kahn 1 P Brtud con 
eluded that the copper steels commercially capable of applii it'» *n irt analogous to 
ordinary steels from the point of yiew of tneir Uuero structure but tleir cor 
'"tituentb are finer The presence of copper increases the quantity of pearhtt m 
the steels, ind to some extent it causes the steels to be more highly carburized, md 
consequently harder With copper up to 4 per cent , the«e s*eels contain ro free 
copper, th it element being dissoly ed m the iron \\ hen the propor* on of c< pper 
ib between 4 per cent and 8 per cent , saturation occurs , when oye- ^ per cen f of 
copper is present, free copper separates out m fibres m the case of soft or semi *oft 
steels, and m nodules m harder *teels Liquation is the more noticeable m the 
ingots m proportion as they contain a high proportion of carbon \\ ben the ingots 
contain 25 per cent of copper, liquation i< strongly marked, and the ingot is to arc! 
to consist of two distmet portions, clearly defineu The g-eit hardne - nf -ome of 
these steels after rollmg might lead to the supposition that they were narteuMtiC 
but this is not so , they contain fine grained pearhte W Muller reported tnat tr»e 
structure of iron containing copper and sulphide of copper is irregular with respec* 
to the size and joining of the ferrite crystals the tr\ stib interlock with one 
another with curved junctions, and this explains the higher tensile strength of iron 
containing copper as compared with iron containing no copper Tht ’du »>f 
copper and the copper itself prevent the formation of pearhte m^tem of peirhte, 
crystals of cementite are firmed The greater hardness of iron contain i«g cupper 
and sulphur is due to thi* fact Copper and sulphide of copper distribute them- 
selves mainly between the crystals of ferrite which they emdop, + b a- if mi mg 
an explanation of the fact that red shortness is preyerted In illovs «>t iron con- 
taming 22 2 and 61 7 per cent of copper, the bulk of the copper n distributed m a 
similar form surrounding the large crystals of ferrite In copper contamnig 7 per 
cent of iron it is still possible to discover microscopic traces of copper sulphide, 
even when the percentage of sulphur is only 0 024 The subject was diseased uy 
J K Cam, and W Herwig 

According to K Sahmen, the colour of polished surfaces parses cont nuoush 
from that of iron through vanous tmts to that of copper and the colour of an 
alloy with 10 per cent of iron can scarcely be distinguished from that of copper 
alone , an alloy with 20 per cent of iron has a grey tmge , and the colour of an 
alio} with 50 per cent of iron resembles that of iron but has a pale reddish tinge , 
and the colour of an alloy with 70 per cent of iron cannot be distinguished from that 
of iron The fractured surface of an alloy with 85 per cent of iron is red, because 
the red cr} stals of the solid soln rich m copper are alone fractured, not those rich 
in iron Observations on the colour were also made by D Mushet, T E Stead, 
and P Breuil J H Carter studied the X-radiograms of the allov* 

W Brown said that the addition to iron of up to 1 5 per cent of copper 
reduces the sp vol of iron 0 0005 c c per 1 per cent of copper, while addit ons 
of from 15 to 4 0 per cent have no appreciable effect on the sp \ <>1 A 
steel with 0 68 per cent C , 0 36, Mn , and 1 59, Cu, had a sp gr 7 8354, a sp 
vol 0 12763, and sp ht , 0 1180 , steel with 0 59 per cent C , 0 32, Mr , and 

2 50, Cu, had a sp gr 7 8366 , a sp vol 0 12761, and sp ht 0 1180 , steel with 
0 17 per cent C , 1 04, Mn , and 2 87, Cu, had a sp gr 7 8470, a sp \ol 0 12744, 
and a sp ht 0 1178 , while steel with 0*04 per cent C , 0 16, Mn , 1 00, A1 , and 

3 75 Cu, had asp gr 7 7479, asp yol 0 12907, and a sp ht 01173 J O 4rnold 
made observations on the sp gr of the alloy According to E Sperry, the 
addition of 0 75 to 1 0 per cent of iron hardens copper so that the metal cui be 
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sharpened lo cut wood P Breuxl obtained the results shown in Table L\ for 
BnneliS hardness with a steel ball 10 nini diameter and 3000 kgrms press 
H Wedding and W Mullei observed that the presence of copper or copper sulphide 
hinders the formation of pearlite, and promotes the formation of cementite This 
helps to explain the greater hardness observ ed when copper and sulphur are present, 
but, as V F Burgess and J Aston observed, not in the absence of either copper or 
sulphur The subject was discussed b\ G A Bousli, A Kussmann and B Schar 
noff, T Jsihara, G Tammann, T Usihara, F Wever, B S Archer, E K Smith 
and H V Aufderhaar, K Tamguchi, C Pfannenschmidt, W Buchholtz, and 
W Koster , and L Grenet discussed the hardening of the iron copper alloys , and 
M G Corson, the agemg of the alloys B S Archer observed no age hardening 
with the copper iron alloys The viscosity of the alloys was studied by G Drath 
and F Sauerwald 


Table LV — The Hardness op Iron Copper Alloys 


Carbon (per cent ) 

Copper 

(percent) 

Rolled 

Reheated 

Quenched but 
not annealed 

Quenched and 
annealed 

0 103 to 0 173 

0000 

143 

124 

207 

192 


0 490 

146 

143 

311 

311 


1005 

146 

146 

311 

277 


2 015 

202 

174 

311 

(345) 


3 997 

255 

183 

351 

326 

0 282 to 0 412 

0 000 

166 

16b 

460 

418 


0 505 

202 

166 

627 

460 


1005 

207 

196 

600 

495 


2 025 

269 

207 

817 

495 


4 009 

302 

212 

782 

782 

0 3t>0 to 0 798 

0 500 

255 

228 

no mark 

555 


0 983 

302 

223 

> 

555 


3 091 

418 

223 

9> 

600 


10 500 

430 

241 

1 

y 

782 


In 1627, L Savot mentioned that blacksmiths experience a difficulty in working 
iron containing copper, so that cupriferous iron cannot be welded , whilst in 1774, 
G Jars reported that the general opinion m his time was that le cuivre est une peste 
pour lefer, but that actually small quantities of copper improve the quality of iron, 
and that even 1 per cent could be added without destroying the welding power 
of the metal C J B Karsten stated that the addition of 1 per cent of copper 
sensibly diminished its welding properties , H H Campbell, that 0 2 to 0 5 per 
cent of copper does not affect the welding properties of wrought iron , A Buhfus, 
that mgot iron which has to be welded should not contain more than 0 3 per cent 
of copper, and steel, no more than 0 4 per cent , while A L Colby found that 
weld steel plates with 0*575 per cent of copper passed the regulation welding and 
flanging tests satisfactorily Hence, J E Stead concluded that if much more than 

0 4 per cent of copper is present, the metal will not weld perfectly, but smaller 
quantities have no detrimental influence With respect to the effect of copper on 
the hot working properties of steel, S Binman was not very clear whether or not 
copper produced red shortness D Mushet found that 5 per cent of copper made 
steel useless for forging, and the alloy must therefore have been very red-short , 
(* IB Karsten, that 05 per cent did not make malleable iron red-short, but 

1 per cent did , V Eggertz, that 0 5 per cent of copper in malleable iron produced 
only traces of red-shortness, and added that the alloys are good for nothing 
M Faraday and J Stodart said that the quality of the metal is not improved by 
adding 2 per cent of copper J B Breant added that 2 per cent of copper makes 
steel brittle J Percy said that copper produced red-shortness , W Longmaid, 
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tiUt U02 to Ufc per tent of toppt hardened malleable non wi 4 huut dm nuking 
j s toughness H H Campbell, tint he^t steel nu\ contim 0 3 to 0 5 per tent 
topper, but with 1 per cent , the metal clicks m rol* n,*, £ Kern that gun steel 
n at contam 0 27 to 0 3t> per cent copper , \ W ilk- t aat U 1 per ce^t of copper 
did not produce red ^hortneas> while 0 3 ptr icnt caused <* ^kgh* crick mg, 

M Choublo, thit sttel with 0 5 per ant ot tirl>M md 1 i^r cent of copp<r 
roHut well \ Wi^urn, that steel with. U23 per re** * i^bon tv nrt rndt *ed- 
^hort b\ 0 bh2 per ctnt of copper , T 0 Arnold *ha* wrh 1 ^1 per unt of 
copper rolled tv ell , A L Colbt, that 0 o per cent of cmqtr aid n«t ma^e -ted 
red short e\en viien the sulphur -was as high as OOh to 0 10 pe* ctnt , \\ \ou 
Lipin, thit 3 per cent of copper m steel wi^ii 0 13 per ctnt of c Mi , n u 1 h (h » 9 po- 
tent of sulphur did not produce red ^hoitne^, although w it r 4 7 per Ctrl of copper 
the metil cracked on nammermg , A Ruhfds, that on’v wliei the c jpper exceeds 
0 4 per cent m ingot iron and 0 3 per cen* m carbon stf J s dots the mtMl become 
r t d short — proaided the sulphur and phoapiiorus do not exceed 0 03 jyer ctnt 
and (4 W Sargent, that if carbon is less than 0 1 per cent and m ing «nt -e le^> t& *n 
012 per cent , 05 per cent of copper will produa rtd &nortnes^ Tne working 
properties were also discussed by C F Burgess and J Aston Hence, J E St* id 
concluded that 0 3 per cent or e\en more copper doe^ not produee red shortness 
when the sulphur is low 

C Pfinnen^ekmidt observed tbit copper augments the benurng s^reng^U Mid 
the tensile strength of cast iron C h Burgee and 7 Aston gi\t tre results 
summarized m Figs 409 and 410 
for the mechanical properties of hQCQO 
the copper iron alio) & With re- 
spect to the influence of copper on ^ nc GOG 
the mechanical properties of steel ^ 
m the cold state, B Mushet ob £ S000G 
^erv ed that illo\ s with 50 per cent 
of copper possess great strength, 70000 
steel with 10 per cent copper is § 
hard and brittle , M Stengel, that 
the tenacitv of iron is not affected 
b\ the presence of more than one- 0 * 2 3 4 $ 6/ S' i 2 3 4 5 b* S 

third per cent of copper, and Figs 409 and 410 —The Metnamcal Propertu* 
that the quality of steel is not of Copper Iron Xilo\ «> 

improved b"v the addition of copper 

M Knlowskr said that cast iron with 0 25 to 2 0 per cent of copper is well 
adapted for castmg, it scarcely contracts on sohdific\tion , it takes a fme 
polish and hardens like steel , its fracture is bright and lamellar, and after slow 
cooling the fracture is dull and finely granular , it can he readily turned in a 
lathe , and it is somewhat malleable The castings as tke\ leave the mould haxe 
a continuous, thin layer of copper on the surf ice Observations were made by 
() \on Keil and F Ebert, F L Garrison, V L Colb}, J B Cam, and E A and 
L T Richardson W Longmaid found that small quantities of copper m malle- 
able iron increased the hardness without decreasing the ductibilitv , t L Gamson, 
that copper m steel sensibl} diminishes its tensile strength, but m some onsets 
the metal is improved, E J Ball and A Wmgham, thit copper increases the 
tenacity of steel , and H Schneider, that copper miproi es the qualit} of steel 
J 0 Arnold found with purified iron, and with steel having 1 SI per cent of 
copper and 0 1 per cent of carbon, the elastic limit and tenacity are as 
follow 

Elastic limit 
(fcon*ptrt>q in ) 

Je 14 39 

Cu, 1 81 i>er ttui 30 8 


Ttusile btrengtli Elongation Reduction of ax\ a 

(tons per in ) (per cent ) (ptr cent ) 

21 77 47CH» 70 >0 

24 S 30 *» 03 3 
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H II Campbell, for steel with 

Cu 0 10 per cent 27 4 19 7 27 52 5b 30 

Cu 0 35 , 2b 9 19 b 27 88 59 01 

A L Colby, for steels with 0 39 and 0 25 per cent of carbon, and respectively 

Cu 0 553 per cent 17 16 29 25 31 12 51 92 

Cu 0 505 20 64 33 11 24 92 44 67 

Observations on cast iron and steel were also made by 0 Bauer and 4. Siegler 
schmidt, H Bucbholtz and co workers, G H Clamer, J E\ ins, H J French and 
T. G Digges, R Genzmer, R C Good, L Guillet and M Balia} , D Hanson and 

G AY Ford, J E Hurst, F Johnson, H B Kinnear, W Koster, E Kothn> 

F C Lea, \Y yon Lipm, G Masmg, E Mauer and W Haufe, V Maiiksc^ 

H Muller, I Musatti and G Calbiani, F Nehl, Z Nishiyama, A L Norbur/ 

C Pfmnenschmidt F Rapatz and H Pollack, 0 Smalley E K Smith and 
H C Aufderhaar, W H Spencer and M M Waldmg, J E Stead, K Stobrawa, 
and A F Stogoff and W S Messkm M Hamasumi found that the addition 
of up to 1 per cent of copper increases the strength of cast iron containing 
1 87 per cent of silicon, but proportions between 1 and 4 per cent had very 
little influence A F Stogofi and W S Messkm found that the hardness, 
yield-point, and tensile strength of copper steels— -with 1 to 5 per cent Cu and 
0 7 to 1 2 per cent of carbon — increase with increasing proportions of copper 
with annealed steels, but the elongation, impact strength, and reduction of area 
reach a maximum with about 3 per cent of copper In the case of hardened 
and tempered copper steels, the tensile strength increases with the copper content 
when the structure is hypereutectoidal Quenched and tempered steels have a 
high >ield point, md ultimate strength combined with a good elongation md 
reduction m area J E Stead and J E\ans concluded that between 0 5 and 1 3 per 
cent of copper has no deletenous effect on either the hot or cold property of steel , 
that a large proportion— 2 per cent —makes steel liable to be over-heated , and 
that on small proportions it raises its tenacity and the elastic l imit , but, unlike 
phosphorus, it does not sensibly make the steel liable to fracture under sudden 
shock Like carbon, it reduces the power of steel to extend under stress, hut this 
is not pronounced when the proportion is small The effect is more marked when 
large proportions are present P Breuil found that the tensile strength of copper 
steels, as rolled, appears to he greater in proportion as they contain more copper, 
and the difference is more manifest m proportion as the carbon is lower Annealing 
lea\ es the steels with the same characteristics, hut greatly reduces the diff erences 
obsened in the case of the untreated steels Quenching restores the diff erences 
encountered m the case of cast steels Copper steels with a tensile strength equal 
to nickel steels can be obtamed The resistance of copper steels to shock shows 
that the\ are no more brittle than nickel steels containing eq percentages of nickel 
The torsion tests give results similar to the tensile strength tests Copper steels 
are capable, under torsional stresses, of undergoing a considerable degree of deforma 
tion F vbbohto studied the resistance to wear 

O Bauer and H Sieglersehmidt observed no effect with 0 55 per cent of copper 
on the thermal expansion of cast iron, but it reduced the permanent elongation 
A.s indicated abo\e, \V Brown found that copper has very little effect on the sp ht 
of steel with a high proportion of carbon— wde supra J T Littleton found for 
light of w a\ e length 5893, and alloys with 27 6, 53 4, and 77 6 per cent of iron, the 

R ^ 2 8 > 51 8 > and 57 5, the coeff of absorption 
k and 341 * and the indices of refraction 177, 2 24, and 2 62 

A Matt h lessen and M Holzmann observed that the electrical conductivity of 
tf* 8 ,*™* 93 08 to 34 56 by the addition of 0 48 per cent of iron, and to 
j eeid iron > anc ^ A Matthiessen and C Vogt, that a hard 

dravn \urc with 0 4b \ol per cent of iron had a conductivity of 38 852-0 060340 
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m$U*£l2fctf 2 tnd between 0 arc! lMtf t id M3 44 per rent 01 ^r\ it^rs were 
«iideb\ G A Roidi *\ 0 Pfeiffer, H B*’chLnItz i l\\ Roster ardG Tmmmn 
The results of C F Burgess and J As+un hr tw r^ustiuee, E * *» am* per cm 

c jU °re as fodow 

Ou 0 09 0 20 0 42 0 >0 1 >1 2*1 O'* " i 7 " o" ' * >4 p*” - i > n’ 

p 12 2 12 0 15 6 13 b 14 _ 7 0 12" 12 o ’,s o> 


P R Kotmg « results for tne sp resistance m T l ^u f m« cm * jbe <+ 20\ ai d 
the temp coeff mohms per ohm per degree, irt r 1 m F g 411 <? 1) il* * r 
observed that the electrical resistance of v on - r tei is \ d out j 

it With copper, but, added 51 Fnr the mrre Q s< e\terris > p ±u i nnvn u 1 , ig 

thesp resistance m microhms prr nq cm 


Copper 

Carbon 


par cent 

0 01 

0 05 

10 

2h 

3 o 

4 o 

10 0 

0 13 

13 81 

15 00 

10 09 

17 40 

— 

10 "1 

— 

0 35 

lb 05 

17 09 

18 7b 

11* 01 

— 

17 ~0 



0 70 

20 oo 

22 03 

21 13 

— 

20 '*0 

— 

10 si 

1 00 

22 58 

24 M> 

24 72 

— 

24 24 

— 

— 


>8 




IT 




fcl 


-J e 


C Benedicks rule that the electrical resistance of a 4:eel at ropr i ip > temp i« 
roughl} B==7 6-Mb 827C, where, representing the percentages o* t 1 e eontnned 
elements b> their symbols, 27C— L— (12 23 4)Si 
+(12/63 4)Cu+etc , was found b\ P Breuil 
not to be applicable to copper steel* G K Bur- 
ges* and J Aston found an increase of 3 to 4 
microhm* per cm cube, and R Ruer and 
K Fich, 4 0 microhms for additions of 1 per 
cent of copper to iron 5\ H Keesom and 
co-workers me isured the thermoelectric force 
of the alloys against an alloy of M\er and 
gold , and A Pepe, against iron and copper 
P R Kostrng studied the thermoelectric force 
i gainst platinum A W Smith studied the 
Hall effect L C Bannister and U R E\ ans 
discussed the electrode potential of these alloj s 

G D illn er found that 0 64 per cent of copper had no effect on the magnetic 
properties of iron R Sahmen observed that an alloy with 98 7 per cent of copper 
is magnetizable at room temp , and that the magnetism of alloys w ith 1 to 10 7 per 
cent of copper vanishes at 795° D Mu&het observ ed that allo\ * with 90 per e* ut 
copper are magnetic , and P Breuil, that steel with 32 per cent copper is magnet c 
m the cold , and G Tammann, that the magnetiz ability of the alloy s rich m copper 
is possibly conditioned by the presence of cry stals of a solid *oln rich m iron , °nd 
that the temp of magnetizability of iron is lowered 27° by 2 5 per cent of copper 
G Ta mma nn and W Oelsen measured the sp magnetization (gauss) of copper 
iron alloy s contammg the following proportions of dissoh ed and tot il iron 
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01 Iron. Copper 


Dissoh ed Fe 

j 0 502 pei cent be 
Gaubb 2 00 
14 30 


2o 0 

4 lb 

V>WJ 

0 14 

0 14 

0 14 

0 094 

0 094 

0715 

304 

3 72 

3 72 

8 70 

8 73 

8 82 


770 

ss%> 

1070* 

0 54 

134 

3 08 

0 001 

0 001 

0 002 

2S5 

1238 

0 019 

7 90 

0 04 

1 IS 


0 F Burgess and J Aston measured the magnetization or magnetic induction 
B, of alloys of electrolytic iron and copper — unannealed anneiled at b7o and 
1000°, and quenched from 900°— for magnetic fields of intensity H gauss, and the 
results are summarized m Table IA I , while the results for the toercrv e force 
(H^ =200), and retentmty (#nm =200) ™ summarized m T ible I MI The 

Mibject was studied b} H Buchholtz and W Roster \ F Stegoff and 
W S Messkm found that with steels ha\mg 0 7 to 1 2 per tent of carbon md 
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I to 5 per cent of topper, the coercive force, and the product of the coercive force 
and the remanence are increased more or less proportionallv to the copper content 
Observations were also made by E Gerold, A Kussmann and co worker**, 
G Tammann, A D Ross, E Take, TV Koster, and W Krmgs and W Oitmann* 
while A Kussmann and B SeharnoS observed no relation between the coercive 
force and hardness 

Table LM — Magnetization of Copper Iron Albovs 


h«io 


S ' =100 


(percent) 

. Not 
j ormaiPd 
\ 

Vnnealed 

at 

Annealed 
at 1000 

Quenched 
from 900 

*ot 

annealed 

Annealed , 
at 67o ! 

i 

, Annealed 
j at 1000 

i 

Quenched 
i from 90Q 

O 

00 

1 >,KX» 

10CHK) 

13,350 , 

11,800 

18 850 

18,850 

18 200 

18,150 

O 

00 

2 000 

5 700 

7600 

9,200 

17,600 

18,350 

17 400 

17,600 

O 

20 

7 700 

5 700 i 

10 700 

10,300 

18,100 1 

18 350 

17 650 , 

17 700 

0 

42 

10,150 

10 950 

11 700 

11,500 , 

17 100 1 

18 500 

17 700 

17 800 

0 

80 

1 7 700 

6,300 

10,700 

11,000 

17,100 i 

18,550 i 

i 17 550 

17 800 

0 

01 

i 2,900 

6,300 

5,500 j 

9,200 

17 100 i 

18,050 

17,450 I 

17,650 

1 

51 

5000 

4 300 

3 500 

8,200 

18 100 

18 200 

17 250 

17 400 

2 

00 

4,500 

5,000 

5 500 

5,600 

17,050 i 

18,250 ; 

17 100 1 

17 200 

3 

99 

4 500 

5,700 

4,900 , 

4,100 

16,800 . 

18,050 

17,050 , 

17 400 

5 

07 

» 2900 

4 300 

3000 1 

2,950 

16 250 ' 

17,650 I 

16,700 1 

17,000 

6 

16 

4500 

4300 

2,20 0 

2,400 

16,550 

17,400 1 

16,200 

16,350 

7 

05 

400 

3,000 

2,400 

2,950 

14,900 

17,200 

16,500 ; 

16,150 

94 

24 

0 

0 

0 

0 

o 1 

0 

0 1 

0 


Table LV II — Coercive Force and Retentiyity of Copper Iron Alloys 


toeixrve Force 


Retentivity 


( upper I 7 

(jierunt ) Not Ann(#fcd 
am ea ed At t7o 


000 

55 

1 62 

009 

13 0 

87 

0 20 

70 

93 

0 42 

70 

60 

080 1 

95 

; 95 

001 

14 0 

1 95 

151 

12 8 

105 

2 00 . 

10 7 

10 0 

3 99 

00 

98 

507 

57 

10 9 

010 

12 5 

10 5 

7 05 

12 5 

13 2 

94 34 

None 

200 -r 


Annealed 
at 1000 

Quenched 
from 900 

Not 

annealed 

31 

25 

12,300 

12 1 

43 

12,700 

40 

35 

11,100 

37 

36 

9,900 

4 1 

43 

11500 

88 

54 1 

11,100 

113 

, 73 « 

11 100 

90 

83 

10,200 

93 

97 

9,200 

115 

1 11 2 1 

8300 

118 

, ns 

9300 

12 5 

12 6 

7,700 

200 

' 200 -f- 

None 


Annealed j 
at 675 

Annealed : 
at 1000 

| Quenched 
from 900 

t 

13,800 

10,000 ! 

1 8,000 

12,000 

10,100 

8 400 

13,300 

8 400 

8,400 

13,300 

8,600 

9,300 

14,900 

8,700 

9,100 

14,500 

10,400 

8,700 

14 300 

12,400 

12,500 

12,800 

10,200 

9,900 

13,200 

11 100 

11,300 

13,200 

11500 

11,700 

11,600 

11,800 

12,100 

12,500 

13,100 

11,300 

500 

300 

400 


According to J E Stead, the surface of allovs of 8 to 97 2 per cent of copper 
readilj tarnished because of the presence of crystallites of iron , and alloys with 
0 to 8 per cent of copper oxidize when melted more rapidly the more copper they 
contain C J B Karsten reported that copper is an undesirable element in steel 
because it makes the metal corrode more rapidly, but later observations have 
<hown that this is not always a valid deduction, since the early cupriferous steels 
sce mto have had sulphur associated with the copper I Kotaira found that when 
a cupriferous steel is oxidized at 1000° for 22 hrs , the surface oxide has only 10 to 
20 per cent of the original copper, and the copper-content of the unoxidized steel 
increases 5 to 10 per cent H Krrscht studied the effect of copper on the oxidation 
of iron According to V Canus and co-workers, the high resistance to rusting of 
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with 0 2 to 1 0 per tent of ropjtr, v i i \p ii 1 to i damp Uvo-phert, 
a a e to the formation of a tcia^oui iver of v upr< nv If vt< >* the iron scale 
vvnich Fr * forms Tins 1 vt'* «* a seu*nai r * ip)’* T rod u ^p<t *\ oxicnfiou of 
t^e copper set free when tne outer laver ot & * t rt^ej It - po^oiVe 

to irr v Z(* conditions tu show that tL» c \>l pr ‘ V^el r averted b 
i} e *e^r v iO^s into cuprous ions, whita a^e v rei/ite * diu < 1 co tin 4, t^e ^tel 
^erouiea tovered with a him of copper w^i^u then o ^ * * cupr^ o\ de In 

toe presence of tnlonde ions the deposited. uynpe* is sr n*?* r i is rip ilv ^ n* 
vested mtj cupric hvaro\ide, winch then acceVn+e*- ru^rg uf r >r «a tne 
iormatio^ of loci! cells P Kotzschke fourd *ti<d J * 3 + o I *vr c^r* < * « pper 
aecrea-ed tne corros on of cast iron m the atun ^ « +* *- f jr-n r M* 7 * ons 

ot coppe” had no ^ppremble effec f T*e re^ ^tarce t » ^ ^ ^ u t 1 4 rr\ed 

6\ the addition of up to 0 9 per cent of copper F H ft i n s \ L y 1 +*> tt ^rft 
Bessemer ^tce 1 cont n lmg v ariable proportions 4 ,f t *■ f v r ^ rr * » tb* t + mo« 
sphere for i month durmg which the simp<e& wtre wcft*-o s ,e*i’ t *ne^ < *6e 

losses b\ corrosion were 

Copper 0 0 07b 0 145 0J<3rf~ * 

Lo«s b\ corrobion 1 So 0 0 "5 

Ob^erv ations were also made by J E 8tead and T H Wjit v ^ wLo fi * » .* the 
corrosion, during 9 weeks’ immersion m i stream of t \y wa + cr f *r w s* ij t x 
mateh 0 990 0, 0 463 Mn, 0 168 Si, 0 031 S, 0 021 P, md 0 010 and 0 4 m* loupe" 
to be respectivelv 12 7 and 10 1 per cent steels wi^h u 434 * C 0 940 Mil 0 Uu S, 
0 030 S, 0 063 P and 0 250 and 0 480 copper to be re^pechven lO 6 ^nd * Q per 
cent , steels with 0 480 C 1 , 0 933 Mn, 0 070 Si, 0 047 S, 0 054 P ard 0 033 and 0 "39 
copper, to be re&pectiveb 12 0 and 13 5 per cent steels with 0 330 L, 1 090 and 
0 640 Mn, 0 028 Si, 0 118 and 0 055 S, 0 049 P, and 0 012 and 1 23b Cu, to be re*pec~ 
ti\ eh 19 0 and 115 per cent , and 0 310 C, 0 676 Mn, 0 084 Si, 0 0475 S, 0 084 P 
and 0 012 and 2 000 copper, to be respeetrv eh 14 7 and 4 7 per cent The results 
v, ith tidal n\ er water w ere similar H Wedding and W Muller observed the reduced 
tendency of copper steels to corrosion or separation of copper sulphide and copper 
m the form of protective shells around the femte grams D M Buck staged that 
the addition of 0 15 to 0 30 per cent of copper to mild steel greatly increases its 
resistance to corrosion m air without interfering with its tenacity or dnctilit\ , he 
also added that the addition of copper helps to neutralize the favourable effect of 
sulphur on corrosion , S L Ho} t also found 0 20 to 0 25 per cent of copper enhanced 
the resistance of steel to atm corrosion , A S Cushman said that a small per- 
centage of copper restrains the corroding influence of the acidic atm of manu- 
facturing towns , but copper is not beneficial under all conditions for corrosion by 
immersion m neutral, acidic or alkaline water is either not influenced or influenced 
detrimentally bv copper He said if it is desired to ma k e a roof of sheet metal 
for a building in a smoky atm , and not mtended to gah amze or paint it, it would 
probably be best to select copper steel, but if it; is mtended to galvanize it or 
keep it pamted with a good paint, pure iron would no doubt giv e the best results 
O Bauer concluded that m the presence of carbon dioxide and sulphur dioxide, 
m air, a slight percentage of copper or of nickel seems to have a beneficial influence, 
but the addition of copper to steel for the purpose of preventing or mitigating 
corrosion is not generally advisable J A AupperleandD M Strickland, M Ballav, 
0 Bauer, 0 Bauer and co workers, F K Bell and W A Patrick, P Breuil, 

V Carius, H Cassel and F Todt, E L Chappell, G H Clevenger and B Bav, 

W H Creutzfeldt, A S Cushman and co workers, K Daeve% J 1 N Friend, 
W Grison and E Lepage, R A Hadfield, H Hebberhng W Heiwig, S L Hovt, 
H T Kalmus and K B Blake, V V Kendall and F N Speller, W Marzahn 
and A Pusch, P B Mikaiioff, F Nehl, J \ Xeubert, H 8 Iliwdon, 
E A and L T Richardson, W 1) Richardson, R T Rolft, J E Stead, 

8 8 Sternberg, O W Storey, W T H Walker, and H Wedding made some 
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observations on this subject M Faraday and J Stodart, and R Millet stated 
that alloys of iron with copper are less corrodible than iron alone M Ballay, 
D M Buck, C Carius, E Crowe, 6 Diliner, H T Kalmus and K B Blake*, 
W Muller, J \ Neubert, C Pfannenschmidt, E A and L T Richardson, 
J E Stead and F H Migham, S S Sternberg, W H Malker, H Wedding, 
and F H Willnms found copper made the alloy more resistant to corrosion 
(i) copper increases the resistance of iron and steel to atmospheric corrosion, 
and its influence is apparent when the copper reaches only 0 03 per cent , its 
maximum effect is produced vhen only 0 05 per cent is present, and the best 
amount for commercial steel is about 0 25 per cent (n) Steels with 0 05 and 
with 025 per cent of copper outlast iron containing 0 04 per cent of copper 
(m) Sulphur m steel accelerates corrosion ver} markedly, and sulphur oxides in 
the air accelerate the corrosion of steel, but copper counteracts or retards both 
these effects O Bauer, R A Hadfield, and JAN Friend found the differences 
to be too small to be able to state definitely that there is anv improvement , whilst 
A S Cushman said that copper is deleterious According to F K Bell and 
\\ A Patrick, the rate of dissolution of the allots in 28 7 per cent hydrochloric 
acid decreased below the y alue for iron alone , the first 0 5 per cent of copper 
had the greatest effect smce further additions of copper only mcreased the resist 
ance to attack very sightly Mere contact with copper wire reduces the rate of 
dissolution of iron m the acid, whilst platinum and sih er are without effect The 
results with 57 per cent sulphuric acid were erratic It is assumed that the retard 
mg influence of copper is due to the dissolution of some of that metal which is at 
once re precipitated m a finely -divided state on the surface of the iron , it is then 
re dissolved The intermittent dissolution and re precipitation of copper is ^aid 
to be responsible for the retardation JAN Friend found that the addition of 
small quantities of copper to steel exerts a minor influence upon the corrodibility 
of the metal in neutral corroding media In tap-water and m salt-water there is 
nothing to choose between the cupriferous steel and the wrought irons, all of which 
possess a slight advantage o\ er the steels , in the alternate wet and dry tests the 
non cupriferous metals proved slightly superior In all cases, however, the differ 
ences are relatively small, being but slightly greater than the usual eccentricities 
manifested between different specimens of apparently similar metals O Kotzsehe 
and E Piwowarsky observed that the addition of 0 3 to 0 4 per cent of copper 
increases the resistance of grey cast iron to weather by 25 per cent , but up to 
0 9 per cent of copper, the resistance to acid attack is unaltered, and the resistance 
to salt soln is reduced L Aitchison found that the corrosion of copper steels 
represented by the loss m weight per 100 sq cm when left m the dark m 3 per 
cent sodium chloride soln and 1 per cent sulphuric acid for 77 days, and 45 hrs 
m 10 per cent sulphuric acid, were 


c 

1 18 

tu 

0 4S 

JsaCl 

1 86 

u C a |1 per cent 
H * S ° 4 | l 10 

15 1 
58 3 


0 59 

0 38 

0 30 per cent 

106 

2 52 

4 78 

2 13 

2 31 

2 07 

0 58 

9 45 

3 22 

0 69 

0 92 

102 


Y Utida and M Saito measured the loss in weight, m grams per sq cm , suffered 
when the alloy with about 0 05 per cent of carbon, is exposed for 24 hrs to 10 per 
cent soln of the different acids 
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HNO a 

hg 

H fc>0 4 


0 

0 9380 
0 0712 
0 0990 


0 55 
0 2410 
0 0025 
0 0220 


106 
0 3820 
0 0027 
0 0162 


1 60 
0 4355 
0 0037 
0 0117 


2 10 
0 4875 
0 0031 
0 0098 


2 88 per cent 
0 5875 
0 0026 
0 0107 


H Endo s results, during 5 hrs 5 action at ordinary temp , are plotted m Fig 412 
In all cases there is a minimum corrosion with alloys containing 1 to 2 per cent 
of copper According to J E Stead and F H M lgham, steels free from copper 
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uc* v <>hcd in dil 'll it* moic qunklv thaL tho-e containing copper C F Burgess 
’u»i T Afeton. foi nd tLit with iilovb of ele< troi r \ 1 id copper, ( outlining 

Copper 0 <>0b9 0 422 U bu4 1 5‘n 3 'mm <. 1 #^> 7 <«50 per ccpt 

4>cid corrosion 1 30U 0 17b 0 0o9 0 104 0 147 M mm? <1143 a }sb 

Atm corrosion 0 449 0 254 0 2tb U 2od 0 225 0 171 0 200 0 it)l 

wnere acid corrosion referts to the lots in grmi> pc’* dm when immersed, for an 

hour m 20 per cent sulphuric icid and atm corrosion Mt** to the 7 o«s in kgrm* 
per sq metre per year when exposed for 162 davs, 
from Juh to Februarv L Schneider observed 
that with 10 per cent sulphuric acid, soft ba<ne 
«tcel with 0 01 per cent of copper had a relit ive 
rite of corrosion of 120, pig iron wtn 0 12 per 
cent copper, 32 , soft open hearth steel with 014 
per cent copper, 26 , and soft basic steel with 0 2 
per cent of copper, 19 P Breuil obsened that 
with dil sulphuric acid, and different steels, the 
losses m weight taken as a measure of corrosion 
were those indicated m Table LYIII There is a 
minimum corrosion with the steels with 0 15b to 
0 168 per cent carbon when about 1 per cent of 
copper is present, and with steels with 0 336 to 
0 400 per cent carbon, when about 2 per cent 
of copper is present The subject was discussed by P Bardei hauer and G TLan- 
heiser, 0 Bauer and co-workers, F K Bell and \\ A Patrick, C lanus, 
0 (Janus and E H Schulz, J H Cirter, JAN Friend Y Y Kendall, 
\ V Kendall and E S Taylerson, C Pfannenschmidt, and A R Surface and 
0 P Watts and H C Knapp found that the action of sulphunc acid is m some 
cases accelerated by the presence of silver and copper salts Y K Pershke and 
co workers studied the action of phosphonc acid 
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Tabus LVIII — The Corrosion op Cupriferous Steeis 


Composition of steel 
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1 00 
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1 0 020 
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1 0 022 

0 012 

1 1005 
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0 389 
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0 242 

I 0 023 

0010 ! 

2 023 
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0 368 1 

0 139 

0 217 

0 022 

0 011 1 

1 3 997 

250 


L B G de Morveau 3 prepared a silver-iron alloy He said that when the two 
metals are fused together, two layers are formed The lower hver contains 031 
per cent of iron, and it is affected by a magnet , while the upper laj er, containing 
125 per cent of silver, is very hard, and has a denser te\ture than iron 
0 J B Karsten observed that the presence of 0 034 per cent of silv er made the 
iron red-short , and diminished its tensile strength very considerably C F Burgess 
and J Aston discussed the working qualities of iron silver allovs G Barruel 
obtamed a hard, white alloy, by melting bilver with 0 35 per cent of iron 
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C V Coulomb said that silver can retain no more than 0 0067 part of non, and 
that if 0 003 part is present, the alloy acts on a magnetic needle W Longman! 
patented iron alloys with minute proportions of silver M Faraday and J Stodart 
said 


If steel and silver be kept in fusion together for a length of time an alloy is obtained 
which appears to be \ery perfect while the metalb are in the fluid state, but on solidifying 
and cooling, globules of pure siher are expressed from the mass and appear on the surface 
of the button If an allov of this hind be lorged into a bar and then dissected by the 
action of dil sulphuric acid, the silv er appears not m combination with the steel, but in 
threads throughout the mass so that the whole has the appearance of a bundle of fibres 
of silver and steel, as if they had been united by welding The appearance of these silver 
fibres is v erv beautiful they are sometimes one eighth of an mch m length, and suggest 
the idea of giving mechanical toughness to steel where a very perfect edge mav not be 
required other times, when silver and steel have been very long m a state of perfect 
fusion, the sides of the crucible, and frequently the top also, are covered with a fine and 
beautiful dew of minute globules of silv er this effect can be produced at pleasure Less 
than one part of silver m 500 of the steel is present m the buttons The alloys were later 
examined by R A Hadfield 

G Tammann and W Oelsen discussed the solubility of iron in silver and found 
0 0004 and 0 0006 per cent respectively at 1000° and 1600° , and N Ageeff and 
M Zamotonn studied the diffusion of silv er m iron G J Petrenko said that the 
two metals do not alloy at temp below 1600° , for on cooling the mixtures, there 
are alwavs two arrests corresponding with the f p of iron and silver respectively 
M Faraday and J Stodart found that hammered steel with 2 per cent of silver 
had a sp gr of 7 808 C 1 F Burgess and J Aston observed that electrolytic iron 
with 


Sih er 

A.cid con Obion 
Atm corrosion 


0 0 281 

1 300 1 021 

0 m 0 317 


0 492 0 581 

1 760 1 340 

0 430 0 356 


0 691 per cent 

1 170 
0 450 


where the acid corrosion refers to the loss m grams per sq dm when the alloy was 
immersed in 20 per cent sulphuric acid for 1 hr , and the atm corrosion 

refers to loss m kgrms per sq metre per year 
with alloys exposed to the weather for 162 days 
from July to February Iron can be separated 
from sih er bv cupellation, by fusion in air, or by 
fusion with borax and nitre E Luder prepared 
a senes of silver-iron-copper alloys and found a 
miscibility gap extending over most of the dia 
gram, Fig 413 The alloys separate into two 
layers of which the upper consists mostly of iron, 
and the lower of silver and copper with very 
little iron Homogeneous liquid alloys of iron 
and copper are broken up into two hyers when 
silver is added 

V Lewis 4 said that gold-iron alloys are 
readily formed Gold dissolves twice or thrice its own weight of iron at a temp 
far less than that at which the iron melts , so that if molten gold he stirred with 
an iron rod, it corrodes a part of the iron, and gold adheres to the rod Hence, 
J A Cramer said that it is not advisable to stir molten gold with an iron rod 
Gold is thus an excellent solder for iron W Lewis concluded that the colour 
of gold is made pale by iron, and if there is 3 or 4 times as much iron as gold 
present, the alloy has a whiteness approaching that of silver 0 Hatchett said 
that the alloy with equal parts of gold and iron forms a yellowish-grey, hard alloy 
ofsp gr 16 885, and M Faraday and J Stodart, and C J B Karsten observed 
that gold and iron can be alloyed in all proportions, and that 8 to 9 per cent of 
iron does not diminish the toughness of gold Richter and Co obtained white 
gold iron alloys , and the subject was discussed by 1 H Hiora**, W Bersch, 
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form a second series of solid <?oln At 93 y™ e*r l£ go'u, +he t jj < * 414, 

shows a mi n i mum at ibout 1040 3 The trcn^t**^ po nt cl non ■*. m t Af^ctect 
by the presence of gold The allov with 10 per cezr of go 1 *! shr ♦ * tl run , 
and be\ond this pomt the hardness s 7 owi\ c^rn’n^he* and th* u - wa*h more 
then 70 per cent of gold are eonsidenbu setter 
than iron Observations on this su eject were 
made by W Guertler, L Nowaek, P Oberhoffer, 
and W Wahl E Janeckp observed tLa + a + 

1163 w there is a transition pomt X Agttff and 
M Zamotorm studied the diffusion of gom m 
iron, and H Sawamura, the effect of go^d on 
the graphitization of cast iron G Borehua and 
co workers, and M Faraday and J Stoaart found 
that hammered steel with 1 per cent of gold had 
a sp gr 7 870 G Wertheim measured the 
elasticity of some gold-iron alloys , A Matthiessen, 
and W Guertler, the electrical conducfcrv it y , find- 
ing about 1 1 microhms increased resistance per 
cm cube for an addition of 1 per cent of gold 
W Guertler and A Schulze found that A Matthiessen' s rule to the effect that the 
absolute increase of the resistance on raising the temp from 0° to I OCT is indepen- 
dent of the increase of resistance brought about by the presence of mixed crystals, 
and has the same value as that calculated from the increase of resistance of the 
pure components when raised through the same temp inter* al, that is dW m idt 
~dJ[ jdt, is not only true over the temp range 0° to 100°, but also over anv other 
temperature range It may therefore be also stated in the form that within the 
range of a grven state the differential quotient of the resistance and the temp , 
dWjdt, increases magiien series of binary alloys proportionally to the vol cone 
of the components The resistance between 20° and —ISO 0 was studied dj 
J O Lmde 0 G Knott and J G MacGregor measured the thermoelectric force 
J W Shih found allots with 10 per cent of iron to be ferromagnetic, and the 
magnetic susceptibilities of alloys with smaller proportions of iron to be 

Fe 0 07 0 085 01 05 10 20 35 50 

X X10« —0 041 -0 023 40 01 0 559 1 52 4 33 12 72 29 7b 

According to J L Gay Lussac and L J Thenard, 5 bv heating to whiteness a 
mixture of baryta, strontia, or lime with iron, with or without carbon, no alloy 
of iron with the alkaline earth metal is formed W A Lampadius, howe\ er, 
heated baryta with iron and charcoal dust, obtained a banum-iron alloy, which 
on exposure to air, formed baryta and iron oxide E D Clarke heated a mixture 
of banum and iron (2 1) m the oxyhy drogen flame, and obtained a brittle alio} 
the colour of lead A Stavenhagen and E Schuchard obtained the allots by tne 
thermite process P Oberhoffer discussed these binary alloys, and N Ageeff 
andM Zamotorm, the diffusion of banum m iron J L Gaj Lussac and L J The- 
nard obtained negative results m the attempt to prepare strontruin-iron alloys 
by the method employed for the barium iron alio} s , and they were also unsuccessful 
m preparing calmum-xroii alloys G Tammann and K Sehaarwachter found that 
the attack of iron by calcium begins at about 380°, and increases rapidly as the 
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temp rises J J Berzelius did not succeed in preparing allots C J B Karsten 
stated that iron with 0 1774 per cent of calcium "was deficient m weldabilitv and 
tenacity, though neither cold short nor red short This iron was produced by 
adding an excess of limestone to the charge for converting cast iron into malleable 
iron on the charcoal hearth According to L Stockem, calcium dissolves m molten 
cast iron with great development of he it, but when large quantities are used the 
metal is rapidly coated with a crust of cilcium carbide which prevents further 
action Some calcium carbide alwrvs remains mechanically entangled m the 
iron Feme oxide reacts \ igorouslv w ith an excess of metallic calcium , the iron 
formed is pure and ductile, and does not contam a trace of calcium 0 P W atts 
observed no alloying of the two elements fused together m a carbon crucible, but 
the iron became richer in carbon and silicon — the latter was derived from the 
silica m the linin g of the crucible C Quasebart also said that calcium does not 
allo^ with iron whether containing carbon or not A hollow, iron cylinder filled 
with c ilcium was heated at 1400" for 3] hr> , but no absorption of calcium bv the 
iron was observed N Ageeff and M Zamotonn studied the diffusion of calcium 
in iron E K Smith and H C Aufderhaar observed that up to 0 2 per cent 
had no perceptible effect on the shrinkage strength, or fluidity of cast iron Calcium 
has been tried for the deoxidation of iron 0 P Watts succeeded m removing 
all the sulphur from iron bv means of calcium, but the phosphorus was reduced 
from 1 96 onh to 1 56 per cent W Hessenbrueh and J E Hurst discussed these 
allov s 


H Daw « prepared an lron-beryllmm alloy by heating to whiteness a mixture 
of bervllia, iron, and potassium , and also by bringing slightly moistened beryllia 

in an atm of hydrogen, m the circuit of a voltaic 

f60 i f\7Zr, — j "T." 1 r 1 hatterv with an iron wire as cathode The iron 

, JlikV I ' ! ’ jJ 4 becomes brittle and white, and when dissolved m 

MOu r | | | i acids, yields a bery Ilium and an iron salt Accord 

[m z X' ing to F Stromever, if a mixture of beryllia, iron 

• j V M r j | and lampblack is heated to whiteness, an alloy is 

/OOf ' fff-u- ! 1 1 1 [ ,^| formed which is whiter and more ductile than 

_ . .1 , , * L iron When dissolved in acids, it forms a double 

r J ~ 1 — ; — t salt of iron and beryllium I Fetchenko Tcho 

- gy^-1— j— j— j piwskv studied the cementation of iron with 

2 5 beryllium G Oesterheld exammed the fp of 
P*r cent beyllwn the alloys with up to 21 per cent beryllium, and 
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Fig 415 — Equilibrium Vagram tLe are 415 ^ 


of Iron Beryllium Allova JS a eutectic point at 1155° and 9 2 per cent of 

ben Ilium The j8-a transformation of iron is 
lowered by beryllium from 790° to about 647° There is evidence of the formation 
of a compound non diberyllide, Be 2 Fe , and on polished sections it is darkened 
by soda he R H Harrmgton also studied the phase diagram, and F Wever, 
the effect of beryllium on the range of the y phase , the results of F Wever and 
4. Muller are summarized bv dotted lines m Fig 415, showing the range of stability 
of the y phase G Masrng, and W Kroll found the hardness of some alloys, on 
BrmeJi s scale, with a 1000 kgrm load, a 10 mm sphere acting for one minute, to be 
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W R Whitney found that beryllium improved the mechanical properties and 
electrical resistance of steel 0 von Auwers observed that the electrical resistance, 
B ohms per cm cube 

Berjlhum 05 10 15 20 30 4 0 per cent 

■8X10 4 0 193 0 494 0 460 0 475 0 646 0 541 
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*utL -'eel La mg 1 per cent each of beryllium and cart m, £»0n 4 24H 1 per cent 
} er lhum and 2 per cent silicon, 0 0 4 59j The -utnrat o i y Ju of the monetiza- 
tion the remanence tne coerce e forcp a T d the maximum perm* 1 iOiii'y of beryllium 
iron alio fl re — Q denotes quenched, and A, anneiled 
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According to E D Clarke, 7 when magne^i moaned witn u 1 ’s raund a'ong 
with iron before the oxy hydrogen blowpipe a brittle, m*tuLc n ^ produced 
supposed to be an impure lron-magnesmm alloy F btron e*er turuen* t**at h* 
had obtained an impure allot b> the method he employed fir +ne U* Uuim *r on 
il l oy C R hre&emus said that the magnesium m iron i^ no+ an o'* dued sta+e 
J J Berzelius obtained indications of the formation of an alio* cf ;r*t> a* 
and iron when a mixture of magnesia, iron filings ind powd*ma ettmoal » Lev^l 
but C J B Karsten ne\er obtamed any eyidente of the existence of sura m 
alio} , and J Parkinson could not prepare magnesium iron allo\ E K sim t i 
and H C Aufderhaar, J E Hurst and P Oberhoffer cl bcu^-ea aboy* 

F C Lea and L T Wills studied the ternary alunmiium m Agne^ um copy er 
alloys 

The zanc-iron alloys are difficult to prepare Mary L.a\ e assumed that ado\ s 
cannot be obtamed , but J F Gmelm 8 melted zinc m contact witn iron m a closed 
crucible and noted that the iron became steel grey m colour, did not become malleable, 
did not rust, presery ed its lustre, etc G Tammann and K Schaarwachter found 
that the attack of iron by zme begins at about 420", and increases rapidly with 
rise of temp A F Gehlen obsery ed that when cuttings of zinc and iron are heated 
together, part of the zinc evaporates, and the remainder penetrates the iron making 
it denser and brittle C J B Karsten found that in reducing zmciferrous iron 
ores, the greater part of the zme volatilized during the operation The iron eine 
bemerkbare Quantitatzinl aufmmmt mcJit C F Hollunder found that if a mixture 
of iron filings and zme oxide, without charcoal, is heated under a layer of powdered 
glass, the iron takes up much zme P Berthier, F C Caherfc and R Johnson, 
A Laurent and C Holms, A Erdmann, H Bablick, W G Imhoff, and L Eisner 
observed that a vessel of wrought iron or cast iron, m which zme is continuously 
melted, becomes corroded by an alloy of zme and iron , and P Berthier, tha + in 
galvanizing iron by immersing it m molten zme, with frequent additions of ammo- 
mum chloride, an alloy of zme and iron is deposited at the bottom of the fused 
zme N Ageeff and M Zamotorm, and G Tammann and H J Rocha studied 
the diffusion of zme in iron W Guertler found that sections of gah amzed iron 
cut obliquely through the outer layers show that the zme and iron are 
separated by an intermediate layer of crystals of trizmcide, FeZn s Tm^ com- 
pound is more electronegative than either iron or zme, and thus accelerates 
corrosion if exposed The zme lay ex contains isolated cry staL of the monozmcide, 
FeZn, which is also electronegative Zme deposited from \apour by the dry pro- 
cess, or from soln by the electrolytic process, is porous, and also contains minute 
crystals C W Stillwell and G L Clark studied the subject A F \\ \on 
Escher investigated the simultaneous deposition of iron and zme electrolvticall} — 
mde supra 

A von Vegesack studied the equilibrium diagram of alloys of iron with up to 
about 24 per cent of zme This diagram mcludes the ob&ery ations of P T Arne- 
mann, and S Wologdme, as well as those of U Raydt and G Tamm inn, who 
extended the observations oyer the whole range of the alloys, and pre\ ented the 
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lobb of zmc b\ volatilization, by working at a prebs of 110 to 130 atm The rebults 
are bumm inzed m Fig 416 A von T egesack observed that with alloys having 
between 11 ind 24 per cent of iron, there is a primary separation of crjstals which 
re ict with the fused mass at 777° to form iron tnzincide, FeZn 3 The crjstals of 

the trizmcide separate primarily from alloys 
with 4 to 11 per cent of iron, but when the 
temp falls to 662 the compound reacts 
with the fused m<ks to form iron hepta- 
zincide, FeZn 7 These two compounds show 
an inclination to form a solid soln The 
heptazincide forms % series of mixed crystals 
which are saturated when 7 3 per cent of 
iron is present Below 422°, the sat solid 
soln reacts with the fused mass to form 
another senes of solid soln extending from 
0 7 to 7 3 per cent of iron U Raydt and 
G Tammann observed the formation of no 
compound other than those just indicated, 
but a senes of solid soln of zinc m iron occurs 
with a saturation point near 80 per cent iron A S Russell and co-workers, 
TV M Peirce, P Oberhoffer, and S Wologdine studied the subject F Roll 
found that zinc favoured the decomposition of cementite 
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Although onlv the existence of the tnzincide and heptazincide has been established by 
the thermal process, H le Chateher, and S Wologdine inferred the existence of iron 
enneadecazincide* FeZn 1# , and E Vigouroux and co workers, from their study of the 
emf of the cell Zn 1 0 05 A 7 ZnS0 4 | FeZn x , the existence of the tn and hepta zmeides as 
well as of iron trttazinctde , Fe a Zn, and of iron 'pentitazincide, Fe 5 Zn F C Calvert and 
R Johnson also thought that the crystals obtained m an iron galvanizing bath were those 
of iron dodtcazxncide, FeZn 12 , but F Taboury showed that they are identical with the 
crystals of a solid soln with ** 3 per cent of iron, observed by A von Vegesack A S Bussell 
observed that when an amalgam of zme and iron is treated with oxidizing agents, zinc is 
oxidized until definite proportions of the two metals are present when both are oxidized 
at the same rate, indicating that definite proportions of the two elements are present 
The results indicate that compounds with the at proportions Zn Fe and Zn Fe 8 are formed 

A Osawa and Y Ogawa obtained Fig 416 for the equilibrium diagram of the 
iron-zmc alloys The X-radiograms of the alloys were determined Two com 
pounds appear iron intadec&zmcide, FesZn 10 , is the same as that formerly assumed 
to be FeZn s The crystals are cubic with the lattice parameter a=8 93 A , and 
there are 52 atoms per unit cube The other compound is iron heptazincide, 
FeZn 7 , it furnishes hexagonal crystals with the axial ratio approximating 1 60 
The zme pen fat a hemc osizmqde, Fe 5 Zn 21 , alloy , and also the relation between 
the ciystal structure and the atomic properties of the zme iron alloys, were studied 
by A Westgren 

The observations of C F Hollunder, L Eisner, and P Berthier showed that 
the alloys have the general appearance of zme, but some are whiter , they are 
also harder and more brittle , m some cases the alloy can be rubbed into crystalline 
grains by the fingers A Westgren, and W Ekman studied the X-radiograms 
A Osawa and Y Ogawa noted the similarity of the crystal structure of the 
nnc-iron system with those of the binary systems of zme with copper, silver, and 
gold The /3-phase of the Cu-Zn system corresponds with the a-phase of the 
Fe-Zn system, and in both the phase forms a body centred cubic lattice The 
y-ph&se of the Cu-Zn system corresponds with FegZn^o in the zmc-iron system, 
and in both, cubic crystals are formed The €-phase of the copper-zinc system 
corresponds with the compound FeZn 7 , and both have a hexagonal form The 
a-ph ase of the copper-zinc system corresponds with the y-phase in the ironr-zmc 
system, and both have a face-centred cubic lattice and the latter is stable at a 
high temp The cubic lattice of FejZn^ or FeZn s has a=8 93 A , and has 52 
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atom, per unit cube The close packed, hexagonal lattice of FeZn- has an axi»l 
ratio of about a c=l 1 60, and a =2 78S 4 4 J Braulci d-cu-Vi tuis aa^e^ 

P T Amemann said that the cr\sta ■> of tne Wid -cn with up to toou* 3 3 per 
tnnt iron are harder and more resMant to acids thu. zr"c 4 -, tae v*o 

portion of iron increases, the allo\s become Harder and more tV'Tii- -iitlia t **i<j*p 
w*th 8 to 9 per cent of iron are extraordinanH f tt e ana f- ai \ l Ei dt at cl 
U Tammann observed that the illu\ with 9b j** cent Ton is arable wa^n cold 
but is more brittle than iron, though the nH\ w +h «*0 per o^nt ^.n »« pi- *»] e 
and not malleable at ordmarv temp J E Hu’-t, h K <mti ini H ( 4utder 
haar, and 0 Smallev studied the ten"’e prope-ti-, uitin> K J Ba.tr 

observed that the allot s are difficult to melt betnre 'tie blowpipe, anu *n*>v c.Lur 
the flame greenish white U Rat dt and G Tammann f- W «■- i* tne rerurrem 
of the magnetic permeability occur. 
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E Lehmann studied the magnetic properties of tne *Lnw M iVaaay 
J Stodart, and R Mallet noted that allots with cupper md zinc a r e If •*> cor^od Lie 
than iron In 1779, W Keir patented an iron-copper-zxnc alloy an Itjil 75 
and m I860, J Aich patented a similar aHot , so me f im^s called A H > ^ta> Tne 
alley was recommended as a substitute for copper and b^a^s in v n ,, p 9 «r 5 dm or 
sheathmg It was said to be stronger than copper, and to re>u^ srtrfc-c+urA 
the action of sea-water H M St John studied these allots 1 related alt’ 
called sterro metal, contains rather less iron, and a small proportion of tm Soxu, 
properties of sterro metal were described bt J Perct E Sorel caLed an allot 
of iron, copper, and zinc (10 10 80) unoxuLzable cast iron , or ufrte brass It 
was said to have the appearance of zme , the hardness of copper to be more 
tenacious than cast iron , and to be susceptible of turning, filin g, and tapping 
H N Warren said that magnesnm-2anc-iron alloys are used m pvrotechny , 
and that they are produced by the electrolysis of sodium and magnesium chlorides 
m the presence of ferrous chloride and zinc, and also bt the action of an alloy of 
sodium and zme on a mixture of sodium and magnesium chlorides, and then on 
ferrous chloride 

E Isaac and G Tammann examined the iron-cadmium alloys, and concluded 
that cadmium is insoluble in fused iron, and when iron is brought m contact t* ith 
fu^ed cadmium, it is either insoluble, or forms a compound msoluole in fused 
cad mium The temp of volatilization of cadmium, 770°, limits the range of 
temp possible under ordinary press G Tammann and W OeLen found that 
cadmium at 400° and 700° dissoltes respectrvely 00003 and 00002 per cent 
of iron Observations were also made by G Tammann and K Kolimann, 
TV H Spencer and M M Walding, and P Oberhoffer X Ageeff and M Zamo- 
torin studied the diffusion of cad mium in iron C F Burgess and J Aston found 
that an alio} with 5 per cent of added cadmium forged, welded, and maciuned 
easily A S Russell observed no evidence of the presence of a compound of 
cadmium and iron when an amalgam containing the two metals is treated wi*h 
oxidizing agents The cadmium is first removed, then the iron 

It is difficult to form mercury-iron alloys or iron-amalgams direct!} from the 
elements J Nickles 9 said that iron does not take up mercury , P Casamajor 
considered that it does According to T TV Richards and R N Garrod Thoma>, 
the solubility of iron m mercury is about 0 00135 per cent that is, about a milli- 
gram of iron in 100 grms of mercury E Palma er observ ed 0 00007 per cent 
between 20 ° and 200 °, G Tammann and co-workers gvve 11 \ 10~ 17 gnn per 
100 grms of mercury at 18° , and N M Irvin and A S Ru^ll, < XlO ~ 5 grm 
per 100 grms of mercury N M Chuiho sa*d tha* the iron amalgams are 
colloidal soln 

V Colvin said that steel can be directl} amalgams ed by direct contact with 
vol xhi 2 ;n 
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mercury and by magnetizing soft steel filings, and dissolving the filings in 
mercury, a magnetic iron amalgam is formed E H Amagat observed that 
at a press of 4000 atm , mercurv will pass through cast iron, 8 cm thick, and 
appear like " fine ram, 5 the mercury passes through the intramolecular pores 
L P Cailletet and co-workers also observed that at a high temp , and a relatively 
low press , mercury can pass through steel , and P W Bridgman observed that 
surfaces of steel, broken under mercury, are readily amalgamated, but not if the 
broken surface has had the slightest contact with air He said 

W hen the amalgamation is once started, the rapidity with which it spreads through the 
metal is greatly increased by hydrostatic press The spread of mercury through the 
of the steel and the subsequent destruction of the hollow cylinders is produced by two 
causes both of which must act together One is the natural chemical affinity between 
mercurv and steel, shown bv the ready amalgamation of freshly broken surfaces But the 
amalgamation is never started by the action of press alone In all those cases in which 
amalgamation occurs there is in addition to the chemical affinity a strain of such a nature 
as to distend the pores of the metal This allows the entrance of mercury into the pores 
so that amalgamation may begin, and also facilitates its further growth which is most 
rapid m the direction m which the pores are most distended In all cases m which rupture 
occurs the strain is of such a type as to distend the metal, and, on the other hand, m all 
those cases m which amalgamation is not produced by press , the strain is such as to com 
press the metal, closing up the pores 

H Davy showed that an iron amalgam is produced by the action of an 
amalgam of an alkali metal on iron , but E Ramarm observed that dry sodium 
amalgam does not react when it is heated with powdered iron L P Cailletet 
observed that iron may be superficially amalgamated by contact with sodium 
amalgam and water V Colvin, R Bottger, E Ramann, J Schumann, W Kettem- 
beil, P Oberhofier, and P Casamajor obtained the amalgam in a somewhat similar 
manner The last named observed that 

If the sodium amalgam has sodium enough in it to make it pasty, it will cover iron with 
a silvery coat This coat may bo rubbed off, leaving the oxidized surface unaltered If 
brought in contact with water or, still better with a soln of ammonium chloride, the 
sodium amalgam is decomposed and the mercury will sink into the iron If the sodium 
amalgam is liquid it will adhere m little drops all over the surface of a piece of iron shaken 
up in it, bv the action of water of acids or of amm onium chloride, the droplets will 
spread on the iron which will become amalgamated The coat of mercury left on iron by 
the various agencies I have mentioned is not a superficial layer for the mercury sinks into 
the metal modifying its phvsical and chemical properties In the case of pure soft iron 
it is difficult to notice any decrease of tenacity after amalgamation With hard tempered 
steel howev er, the increased brittleness is very marked In the case both of iron and steel 
a fresh fracture shows that mercun, has penetrated deeply into the metal 

\ Colv m also obtained iron amalgam by the action of an amalgam of the 
alkaline earths on iron L P Cailletet, and P Casamajor also found that 
ammonium amalgam will give up its mercury to iron when rubbed up with it verv 
persistenth Even then there are m every piece of non certain spots where the 
mercury will not adhere The intervention of acidulated water, by decomposing 
ammonium amalgam with great energv , facilitates the amalgamation of iron m 
these difficult portions P Casamajor also observed that to amalgamate iron with 
/me amalgam, ruerct»rv should be placed m a vessel and cov ered with dil sulphuric 
or hvdrochloru acid If, now, a piece of iron is agitated, in, contact with the 
mercurv and the acid, no combination will take place , but if pieces of zinc are 
placed m the mercury, m a few minutes iron placed in the above conditions will 
become coated w ith mercurv If after a while the power of the mercury seems to 
decline, more zinc must be added The zinc is only attacked when iron, or some 
other metal more electronegative than zinc, is brought m contact with the zinc 
amalgam and the acid, so that the expense m zinc is very slight 

According to C Klauer, when sodium-amalgam is immersed in a sat soln of 
ferrous sulphate, a silv ery, tenacious mass of iron-amalgam is formed, the separate 
globules of which readily follow the magnet, and when exposed to air become 
covered with flakes of hydrated feme oxide 0 F Schonbem observed that the 
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ima^an lb formed by rubbing a cun^ solu ol i»-roiis with I ptr *t*A 

H(tdiu T A vnalgim, and w^hing the product w 4 + n w t+er H 5Ioi^in enj’oved a 
v< , wL *t simihr process A VAon tritu**tta z^e Wi + j ah aq m f >u 

<*i ferrous chloride, and knciaed. the netful * t < tn u *«on of *L* 

2 elements — A A Damour added that the mnljn*** rennet *t o'+v *a *n th ** 
w»v R Bottger prepared lronamdgam !>• ru> n L 

nortar, a mixture of mercuric chlor de ana avi^i nr 1 2 1 +i*n all 

2 parts of cold water and when the mass beg aa<Lcu a f * d~op^ of 

mtrtury H Rem&ch added iron to a soln oi cupper A h’atd wtu , 
hydrochloric acid, braced off the copper depo-i + , « & u i t~e ^ »i ,T i 
‘‘Oln of mercuric chloride acidihed With hvarodiV < id H 4 A i\i&] 
recommended mixing together iron filing* ard alum (1 2 add mu two r +j rc 
parts of mercur} and half a pmt of water, trtfur^mg f i i' Lou 1 ' a+ i b ht\» 
heat, and finally washing the product with water 

According to J P Joule, the electrolysis of a M>Ir <*+ ftrra is \ w * 1 i 
mercurv cathode, and an iron wire as anode ftrrishts iron irulg m t>i ih 4 
Darnells cell, the iron wire gradually di^oned and eqn 4 pom* r w t^kti 
up by the mercury, which in so doing lost its fluidit> ” A u *x tujtl 1 w* * as* 
of grejish white crvbtils with a metallic lustre Tne tine reditu ^ %t,uu t a 
dav J F W Herschel previouslv obtained the iron ^malg *n i»t ii i-a’g i 
was also prepared by the electrolysis of a *oln or a xerrou* sa K tv * i ^ *r? 

cathode, bv J Schumann, R E Myer^, T M D^own t n A G i, 

L P Cailletet, P Casa major, and A Zambom 

E Palmaer said that X-radiograms of iron amalgam showtn tf pir* ♦ V of iro a 
are suspended in mercury , and the subject was dmeussed b\ R Bnd ml \\ Haag 
According to J P Joule, the amalgam with 100 of mercurv and 0 143 of iron w is 
quite liquid , with 1 39 of iron it was also liquid , with 2 97 senu fimd , wit h 
11 8, soft, and of sp gr 12 19 , with 18 3, solid ana greyish white , with 47 3, 
solid with a metallic lustre , with 127 6, solid, friable, and of sp gr 10 11 
According to J Schumann, E Ramann, and J P Joule, if the amalgam be allowed 
to stand for some time, or if it be shaken -violently, or rapidly stirrea, it is decom 
posed, and the iron floats as a black powder on the liberated mercurv , if the soft 
amalgam be compressed, some black powder also separates out If amalgamated 
and ordinary iron are placed m acid and connected by a wire, the amalgamated 
metal is attacked, and the unamalgamated metal acts as cathode and, added 
J P Joule, the amalgamation of iron produces a contrary effect to the amalgama 
tion of zme Amalgamated iron is positive towards iron, and negati e towards 
copper H Remsch said that when used m a galvanic batter}, it gives a stronger 
and more uniform current than ordinar} iron C Hochm and H A Xavlor 
observed that the emf of amalgamated iron to amalgamated zinc m v cone soln 
of zme sulphate, is about 0 486 v olt , with a solid iron amalgam, 0 407 and with 
mercury containing onl} a trace of iron, 1 258 volts Accordmg to J P Joule, 
R Bottger, C Klauer, C P Stemmetz, and A Zambom, the iron m the amalgam 
retains its magnetic qualities, for the amalgam is attracted b\ i magnet and it 
can be permanently magnetized H Nagaoka observed that tht magnetization 
increases proportionally with the iron content , the coercive force is high, bemg 
240 gauss with an amalgam with 1 78 per cent of iron, ind 370 gauss with 2 3 per 
cent of iron G Tammann and TV Oelsen found for am ilgams with <U)02 per 
cent of iron, the sp magnetization 0 280 gauss L Stjepanek studied the electro 
magnetic induction J Feree observed that iron amalgam is tf ible if kept iwav 
from contact with air, but m dry air it forms ferrous oxide and mercurv , anti 
A Zambom said that the dr} amalgam is stable m dry air, but it fori is a black 
powder m moist air 0 Klauer, R Bottger, and H Remsch observed that 
the amalgam m air acquires a yellow film of ferric oxide M Krouc hkoll said that 
iron-amalgam is more stable than aluminium amalgam J P Joule said that 
wh*m heated to the b p of mercury, the liberated iron oxidizes, throw mg off red 
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sparks, and leaving a hard lump of oxide R Bottger obtained finel) powdered 
iron by distilling the amalgam out of contact with air M Faraday and J Stodart 
and R Mallet noted that alloys with mercury are less corrodible than iron* 
J P Joule observed that if the amalgam be left under water for a few days, it 
becomes covered with rust, and C F Schonbein added that if the amalgam*be 
shaken m air with dil sulphuric acid, ferrous sulphate and hydrogen dioxide are 
formed A S Russell and co-workers studied the order of removal of metals 
from amalgams by oxidizing agents and found Zn, Mn, Cu, Cr, Fe, Mo, Co, Hg, 
Ni, and W M Rabinovich and P B Zywotinsky found that iron is dispersed in 
mercury, above the solubility limits to form colloidal soln An electromagnet 
remo\ es no iron from a soln with 0 0018 to 0 0035 gram-atom per gram atom of 
mercurj , hence it is inferred that these soln are colloidal P Casamajor added 
that in dil sulphuric acid, the amalgam loses only two-thirds of its contained iron 
H A von Vogel added that if the amalgam be triturated with argentite or silver 
glance, the mercury is transferred to the silver A S Russell and HAM Lyons 
studied the zmc-mon-mercury system 

The boron-iron alloys have been discussed from the pomt of view of the 
borides — 5 32, 4 L Troost and P Hautefeuille 10 prepared an alloy with 11 per 
cent of boron and found that it could be forged , while an alloy with 23 per cent 
of boron was brittle and could not be forged H N Warren obtamed alloys by 
reducmg ferrous borate with charcoal , and W R Hulbert obtamed them by the 
thermite process A Bmet du Jassonneix, S Curie, W Guerfcler, L Guillet, 
H W Gillett and E L Mack, T Miyaguchi, H Moissan, P Oberhoffer, 
N Parravano and C Mazzetti, J W Richards, and J M Weeren also prepared 
these alloj s , and they were discussed by A Campion, I Fetehenko Tchopiwsky, 
E Lieveme, J Ohly, andN Parra\ ano and C Mazzetti , and T P Campbell and 
H Fay studied the cementation of iron by boron 


G Tammann and K Schaarwachter said that the attack of iron by boron 
begms at about 440° and increases rapidly with rise of temp J Laissus, and 



The eutectic system has Fe-C at 1150°, Fe-B at 1165°, Fe 3 C-Fe 2 B at 1155°, 
and Fe-FegC-FegB at 1100° The system at the end of the crystallization of the 
molten alloy has zones of solid soln and iron hemibonde Measurements were 
also made of the hardness of the alloys F Wever studied the effect of boron on 
the domain of the y-ph&se — vtde 5 32, 4, and G Hagg, the X-radiograms of the 
hemibonde 
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H Woi^an and G Charpy found that an alloy with 0 58 per ce, t of bo* n 
and U 17 per cent of carbon can be rolled , and is readn, worked at * re- 
heat, but crumbles under the hammer if too s+^ongS Seated A * imp on d.d 
not observ e the e\cessi\ e brittleness and hardness rer^rtel bv X T-.h^c - 
ardA Herdt R Wasmuht andX Tschie- 
«chew&kv discussed the hardening of steel 
bv boron L Guillet observed that boron 
tteelis with 0 215 to 0 844 per cent boron 
have (i) a solid soln of ferroboron with ° 
small proportion of boron , (n) pearlite , and 
(ill) a substance which was regarded as iron 
borocarbide This third constituent pro- 
duces the brittleness of boron steels , this 
brittleness disappears on tempering owing 
to the borocarbide passing into soln The 
general effect of boron is to increase the 
tensile strength, especially after tempering , 
but a maximum effect is obtained with 0 8 per cent 
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of Boron Steels 


of boron with low carbon 
Observations were also made by P Blum, the ElektrocLemi-cne Werke Bittcrfr’d, 
J E Hurst, E Kothnv, J \ McCrae and R L Dowaeil T Mnaeuchi ana 
I D K Kaisha, J Ohlv, J Scott, M Vasvari, F C Weber, and by P Mars ch, 
and E K Smith and H C Aufderhaar A M Porte vn sa.d that the romance 
to shear, and, m particular, the elastic limit on shearng mc^ea^e rapidlv with the 
percentage of boron m steel with 0 25 per 
cent of carbon G Hannesen found 
that rapidly cooled alloys have the mar- 
tensitic structure, and the alloys as well 
as the bonde are ferromagnetic The 
quenched alloys are softer than those 
which are slowly cooled Alloys with 
primary pentitabonde are hard, and 
scratch corundum G Hagg, and 
S B Hendricks and P R Kostmg 
studied the X-radiograms of iron bondes 
R Wasmuht, and W R Whitney found 
that boron improves the mechanical pro- 
perties and electrical resistance of steel 
The effect of boron on the electric at 
resistance, and the magnetic properties 
were likewise observed by T D Yensen, 
and the results are summarized m Pig 
419 With increasing proportions of 
boron, the electrical resistance, the 
hysteresis loss, the coercive force, and 
the retentivity all decrease slightly until 
the amount of added boron becomes ap- 
preciable, when all these qualities in- 
crease , but even then, boron has a 
deteriorating effect on the magnetic pro- 
perties of iron C Matignon tested the 
acid-resistmg properties of the ferroborons 

boron-copper alloys 

H Davy 1 ! prepared an iron-aluimnram alloy by the same method as that 
which he employed for the alloy of iron and beryllium , and H St C De\ ille, by 
passing the vapour of aluminium chloride over iron at a high temp , G Tammann 
and K Schaarwachter observed that the attack of iron by aluminium begins at 
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Pro 419 — Electrical and Magnetic 
Properties of Boron Iron Alloys 

E D Gleason studied the iron-carbon- 
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about 660° and mcreaseb rapidly with rise of temp , as well as by the direct alloying 
of the two elements , and W R Hulbert obtamed them by the thermite process 
Alloys were also prepared by F R Michel, P OberhoSer, E T Richards, J Escaid, 
J W Richards, W Guertler, J Czochralsky, W Venator, J Ohly, A Wahlberg, 
S Kern, 0 I \ her and co workers, J M Weeren, and F C Calvert and 

R Johnson M Faraday and J Stodart obtamed alloys which when forged into 

bars and the surface polished and treated with dil sulphuric acid, exhibited the 
damasked surface peculiar to wootz or Indian steel , but neither C J B Karsten, 
nor T H Henrv could find an} aluminium m wootz C F Burgess and J Aston 
found that alloys with about 2 per cent aluminium forge and machme easily 
J Cournot discussed the cementation of iron with alu minium , R Kremann 
and co workers, and R Irmann, the solubility of alu min ium m iron , and 
A Hauttmann, 6 Grube, N Ageeff and M Zamotorm, and N Ageeff and 

0 I Vher, the rate of diffusion of aluminium in iron F C Calvert and 

R Johnson obtained what they regarded as iron tetrztalumimde , Fe 4 Al, by 

heatmg for 2 hrs at a 



Percent iron 


white-heat a mixture of 3 
mols of aluminium chloride, 
40 gram atoms of iron, and 
8 mols of lime , iron trUa 
dialummide , Fe 3 Al 2 , occurs 
in silver-white beads in the 
slag from the previous 
operation, and F Wohler 
obtamed iron dialummide, 
FeAl 2 , by melting together 
l mixture of aluminium 
ferrous chloride, and so 
dium potassium chloride 
(10 5 20) W C Roberts 
Austen, and L Guilletmade 
a partial study of the 
equilibrium diagram, and 
A G C Gwyer showed that 
the f p curve of iron falls 
rapidly m passing from 100 
to 50 per cent iron, and at 
this point there is a dis- 
tinct break after which the 


Fig 420 —Equilibrium Diagrams of Fe A1 Allots f P curve falls slowly from 

50 to 30 per cent of iron, 
and then rapidly to the f p of aluminium There are two senes of solid soln re- 
spectively with 40 to 48 per cent and 66 to 100 per cent of iron The end-member 
of the first senes is thought to be iron tnahnnimde, FeAl 3 Alloys with 60 to 65 per 
cent of iron show eutectic breaks in the cooling curve at 1087°, and the breaks occur 
at a higher temp with from 50 to 57 per cent of al umi nium Alloys with 52 to 65 
]>er cent of iron have a eutectic of the same structure, but the latter differs from 
the eutectic with 50 per cent iron The curve ef, Fig 420, represents the lowering 
of the temp at which the magnetic permeability disappears on the heatmg curve 
as the proportion of aluminium is increased N Kumakoff and co-workers found 
tha* lr th* interval between 32 1 and 39 5 at per cent of iron, iron tnalnminide, 
FeAij (or ros&ibly Fe 2 Al 6 ), crystallizes from the fused mass, but below 1100° , this 
compound o compo^eb into the a and y solid soln of aluminium m iron Between 
*4 2 and k* at per cent of iron, a stable S phase is formed having properties 
iiff*ren* ircm tho^e of the adjoining phases This phase shows a minimum 
ele< tries) conductivity and temp coeff , and a maximum hardness It is also very 
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hnttle It is considered to be a chemical md . tdaal of va^ib e composition 
G C Gw\er and H W L Philips stad\ o* the astern I s * "urirrarzed *n 
Ficr 420 Allojo witn 0 to 40 per ceut of r or + urm i cjtectferou- acres the 
eutectic allo\ contains 1 89 per cent of 'run and freeze^ «*+ 613 The liqaiJu* 
r»*es t o a slight max imum with 40 b to 41 1 per cer + o* irm and a**o»e this range, 
the a^lovs are homogeneous Thus e^tabli^he** *lr fv&tem* ct i** >n ^T'dlunmide, 
Fe\l 3 not N Kumakoff and eo-worker» Fe 2 k ?3 There ** a serona rastrii a'T 
wi*h about 45 3 per cent of iron where c\tr \ 'iaall Tang** the i s a^e homo- 
geneous, and probably contam iron hemipentalmnini de, Fe^Al which fo r m^ * 
eu+ectiferous series with a limited soLd solubihtt wi*h Feki^ The +ralunnnide 
before etching is Chinese white, ana tne hem^pentalumm^de is pJe U vender 
both are attacked b\ soda lve , the tnalummiae is alone attacked b* Lvdrofiuorc 
acid All the alloy# with 40 to 50 per cert of r n ar^ brnle and sno^aneou*!* 
disintegrate m a few da} s The bquidus gradualh >V;je> fr< the Fe^ maT A mnm 
at 45 19 per cent to a minimum at 49 5 per cen + , and b^iW +hi* pamt r^es 
steeply to 58 per cent where a break occur^s The dio\" m muge form a 
eutectiferous series with appreciable solid solabili + \ The const tuent* are Fe 2 \i , 
and a solid soln A, which is unstable and oreaks up below the sokdu* The 
eutectic lme is at 1165°, and A breaks up at 1158“ into Fe 2 and ^he sol a coin 
B At 1232° there is a pentectic reaction resulting in the fornn+i >n of another 
compound with 59 per cent of iron The magnetic transformation occurs at ef 
Fig 420 G Tammann and W Salge studied the residues left after treatmg +he 
alloy with an acidified soln of ammonium persulphate W Blitz and 0 Haase 
ga\e 3 896 for the sp gr of Al s Fe at 25° 4, 35 2 for the mol \ol , and 25 Cals for 
the heat of formation The subject was studied b> L Grenet, V N Svechmkofi, 
and F We\er and A Muller, whose results for the range of stability of the 7 -phase 
are summarized by the dotted lme m Fig 420 F Roll found tnat aluminium 
partly preserv es and partly decomposes cementite — hide cast iron O von Keil 
and O Jungwirth also investigated the influence of aluminium on the iron and 
iron-carbide s}stem The eutectic composition of the iron-carbon system us 
reduced by 0 16 per cent carbon by the addition of 1 per cent of aluminium , 
and the pearlitic transformation is slightly reduced by the addition of up to 3 5 
per cent of aluminium, but, as the proportion of aluminium is increased from 
3 5 to 8 per cent , it is raised agam , and with more than 8 per cent of aluminum, 
the intensity of this transformation is very small , and the y-field ceases to exist 
with hypoeutectic alloys having less than 5 per cent of aluminium , the finely- 
granular distribution of graphite, which corresponds with metastable freezing and 
spontaneous decomposition, is rendered more prominent , with 5 to 9 5 per cent 
of aluminium, the edges of the primary, solid soln crystals ha\e a decreasing 
tendency to decompose, and these zones become more readily soluble m acids, 
and with over 9 6 per cent of aluminium, the solid soln becomes stable and readily 
soluble in acids The addition of 2 3 per cent of aluminium to iron with a high 
proportion of carbon results in the complete separation of the carbon as graphite , 
with 11 per cent of aluminium, the graphite completely disappears , and with 
18 per cent of alummium, the graphite is agam completely precipitated 
E Sohnchen and E Piwowarsky found that al um inium raised the eutectoid temp 
and reduced the solubility of carbon m iron The subject was discussed by 
J W Donaldson, W L Fink and K R van Horn, and E L Reed 

The use of al uminium as a deoxidizing and solidifying agent in the manufacture 
of steel mgots is so general that its employment is regarded as almost indispensable 
E Adamson, H M Boylston, J E Carlin, G F Comstock, W F Darch, 
W Eilender and H Diergarten, C af Geijerstam, L Grabau, G Guzzom, 
R A Hadfield, C H Hertv and co-workers, K Hilgenstock, H 0 Hofman, 
W J Keep, O von Keil and F Ebert, J W Langle}, F W Lurmann, 
J V McCrae and R L Dodwell, P Maisich, G Melland, J R Miller, N Petrnot 
E Piwowarsky, M C Smith, A Spiral, S Sirovich, K Styffe, T Swrnden 
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T Turner U le Yemer, and M H Wickhorst studied the effect, and 
T D Yensen and W A Gatward thus summarise the action When aluminium 
is added to molten iron, it will reduce iron oxide to metallic iron Furthermore 
it will reduce CO or C0 2 gases to free carbon and thus degasify, quiet the bath* 
and prevent blowholes during solidification and coolmg If the iron is sufficiently 
liquid, the A1 2 0 3 formed will pass to the surface , if it is not, the A1 2 0 3 will 
become entangled m the iron, increase the viscosity, and cause the iron to be more 
or less unsound When added in sufficient quantities, 2 to 5 per cent , aluminium 
will cause carbon to be completely precipitated as graphite and thus transform, 
for example, white cast iron into grev iron If 10 to 20 per cent aluminium is 
added, however, the carbon may all be in the combined form Fe 8 0 As the heat 
of combustion liberated by the oxidation of aluminium is much greater than that 
absorbed bv the reduction of iron oxides, clearly illustrated by the use of thermite 
m weldmg iron, the addition of aluminium to oxidized iron or steel causes a rise 
in the temp of the bath This fact, and not any appreciable lowering of the 
meltmg point, is the cause of the higher fluidity noticed when a small percentage 
of aluminium is added to the bath Aluminium is a more powerful deoxidizer 
than silicon for it does not commence to combine with iron until all oxides present 
are reduced F Osmond showed that aluminium dissolves m iron with the 
absorption of heat, although an evolution of heat usually attends the phenomenon 
This is attributed to the heat liberated by the decomposition of oxides of iron by 
the aluminium G Masrng and 0 Dahl discussed the expression of the alloys 
and the formation of warts during the coolmg of the alloy owing to the liberation: 
of occluded gases , and W E Remmers, the effect of aluminium on the growth 
of cast iron For the cementation of these steels, vide supra 

A Westgren and co workers, K Schafer, W L Bragg, and A J Bradley and 
A H Jay discussed X-radiograms of the iron alumimdes Z Nishiyama studied 
the X-radiograms of these alloys, and found for the a lattice parameter , the 
sp gr , and the elastic modulus, E bgrms per sq cm , at 23 0° to 23 2° 

A1 2 4 0 8 10 14 per cent 

a 2 874 2 884 2 886 — 2 897 2 904 A 

Sp gr 7 6932 7 4619 7 2196 7 0418 6 8848 6 6443 

E X I0-« 2 113 2 165 2 090 2 106 1 929 1 826 

The microstnnture of the alloys was studied by R A Hadfield, AGO Gwyer, 
L Guillet, and T D Yensen and W A Gatward , and with the smaller pro 
portions of aluminium, they consist of solid soln of the constituent elements 
J E Johnson, F Wever and A Muller, A Borsig, W J Keep, and T W Hogg 
studied the action of alu imnrnm in causing the separation of graphite from the 
carbide m cast iron E Piwowarsky found that grey cast iron is appreciably 
softened by less than 0 10 per cent of alumi n ium , and G Melland and 
H W Waldron, that with rapidly cooled cast iron, with about 024 per cent 
of silicon, up to 0 25 per cent of aluminium is needed before any influence on 
the graphite separation can be detected , with 0 50 per cent of alummium, 
most of the carbon occurs m the graphitic state, and larger proportions of 
alummium seem to cause a reversion to combined, carbon — possibly owing to 
the formation of a complex carbide With slowly cooled samples, the presence of 
the element is more marked and is more sensitive to varying conditions — e g 
casting temp , proportion of silicon, etc At least 0 9 per cent of carbon is retamed 
m the whole senes whether slowly or rapidly cooled In general, al uminium 
decreases the solubility of carbon in iron, and, like silicon, it has a softening influence 
A B Everest obtained rather different results with iron-carbon alloys free from 
silicon Soft, machinable grey irons are produced by adding np to 8 per cent of 
alummium Alummium acts less powerfully than silicon as a softener since 2 to 
3 per cent of alummium are needed to produce an iron comparable with one con- 
taining I per cent of silicon The maximum percentage of carbon graphitized is 
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fd 1 1 tne presence of 4 per cent of aiumimnm aja L-t 7u ppr r*r/ ljx tne presence 
t 3 per cent of silicon The graphite formeu w^h aluminum ** fane* rfaan m the 
npof hiixcon 'With aluminium between 8 *nd 1 h per cen+ f the a^ov - are hard 
ai d brittle, and the carbon is all combmed , wita * et^ee * \ L i 23 pr cem of 
aluminium, the allots are soft, and graphic piecip + \iO*s tn+h over 

23 per cent alumimum are not snole m tne atn o&pL^e 

L Guillet observed that the presence of amin nn^ T^»ei +< 1 1 *- re * ,+ e 
a-suming its ordmarv forms , it ib ir a nunne* contore^, ara * *crn> 1 *+V ncd.de*> 
which are more easih coloured bv picric acid, and tne rr rt, rt i *Tuo»*»te 

a** tne proportion of aluminium increases With a higfa proper* < n of aiUTrurum 
it ib even posable to have free cementite formed m a hvpo eutecto ia* n A The 
effect of quenching is to transform onlv tne nodules cf tne p*e ev-tm* pearlAe 
gi\ ng place to martensite, generally encircled round \U edge* tv *ro t te The 
uon alummium soln is incapable of dissolving carbon So long a& x ae an ount of 
ilummium is below 3 per cent , the quenching has no effect, bu* wrh higher pro 
portions of aluminium, while quenching has no effect on the +ens ’e bt^engtn, the 
elastic limit, or the resistance to shock, whilst the elongat on ard rcduct on in area 
are reduced Annealing develops the nodular structure of tne spec a form of 
pearlite without changing the microstructure m anv other wav , and dunne the 
operation all alummium steels are softened The presence of aluminium d^lavs 
case hardenmg, and when the proportion of alumimum attains 7 per cent case- 
hardening becomes impracticable, and onlv nodules of cementite are found 
H Sawamura gave the constitutional diagram of alumimum and cast iron aPovs 
Ihe effect of alumimum on the graphitization of cast iron is indicated abov e 

F Wever and A Muller found the sp gr of allovs with 8 64 13 60, and 21 24 
at per cent of alumimum to be respectively 7 38, 7 10, and 6 7b, values rattier 
lower than those calculated by the mixture rule T W Hogg observed that the 
sp gr of an alloy with 9 62 per cent aluminium is 6 99 when the calculated value 
ib 6 54 to 6 65 — assuming the sp gr of steel is 7 80 or 7 88, and that of alumimum 
2 60 or 2 70 An allov with 20 per cent of alummium has a sp gr 6 31 when the 
calculated value is 5 59 to 5 69 Hence, the observed sp gr are higher than the 
calculated values G Melland and H \\ Waldron gave for the sp gr of cast 
iron at 20° 

41 0 0 024 0 527 1 78 424 8 31 USOpercesit 

Sp gr 7 64 7 58 7 12 7 11 6 88 6 53 6 59 

Z Nishry ama b values are mdicated above W Brown obtained the following 
values for the sp gr and sp vol 


c 

Si 

Cr 

A1 

Sp gr 

bp \ol 

Sp 1 1 

0 67 

2 25 

— 

050 

7 5930 

0 13170 

01158 

0 24 

0 18 

- - 

2 25 

7 5132 

0 13310 

0 1165 

0 22 

- 

1 > 

4 50 

7 1582 

0 13970 

01193 


The results show that up to 4 5 per cent alum i nium increases the sp vol bv 00025 
per 1 per cent alumimum The subject was discussed by B Simmersbach, and 
J 0 Arnold R A Hadfield, and G Tammann and V Caglioti measured the 
hardness of some of these alloys Representing the percentage proportions of 
C A1 m the alloys, R A Hadfield's data for the sp gr are 

C A1 0 20 0 61 0 17 0 72 0 21 1 60 0 24 2 20 0 26 9 14 

bp gr 7 781 7 755 7 624 7 554 0 672 

E Gumlich represented the sp gr , D, of the alloys with p per cent of alumimum 
b} D — 7 865—0 1166p C Benedicks and N and G Encson studied the sp vol , 
and L Losana, the viscosity of the molten metal , and A Ku&smaxm and B Schai- 
noff, the hardness E Sohnchen and E Piwowarshv found that additions of 

aluminium up to 1 per cent halve the hardness of iron carbon alloys , from 1 to 

8 per cent has little effect, and further additions of alummium increase the hard- 
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ness to its original value with 11 per cent al um i n ium The subject was studied 
b\ K Taniguchi and 0 Me\ er and E Hobrock , and the corrosion fatigue, bj 
P Brenner 

W Brown found that the presence of up to 2 per cent of aluminium has little 
effect on the sp ht F Wust and co workers ga\ e for the mean sp ht of aluminium 
steel between 0° and 1000°, 102 390- 1 -*-O 21870+0 0000240 , and for the true 
sp ht , 0 21870+0 0000480 The mechanical properties of the allo\ s were studied 
by W W Christie, C A Edwards, F L Garrison, E C Good, L Guillet and 
co workers, E A Hadfield, W J Keep, E Kothny, W Kroemg, I Musatti and 
G Calbiam, 1 L Norburv, P Ostberg, S A Pogodm, A M Portevm, A Schulze, 
A E 31 Smrth, E K Smith and H C Aufderhaar, and K Styffe, who found 
that up to 5 per cent aluminium has \erv little effect, but with more than 
5 per cent of aluminium, the alloys are stronger in tension, but the\ become 
brittle E A Hadfield observed that if 0 2 per cent of carbon is present, 
the limits of forgeability are between 5 6 and 9 14 per cent aluminium, while 
L Guillet found the limits to be 7 18 and 9 25 per cent for alloys with 08 
per cent carbon T D Yensen and W 1 Gatward observed that with alloys 
prepared m vacuo, the tensile strength increases m direct proportion to the 
aluminium content np to at least 6 per cent , the ultimate strength of the latter 
being 60 kgrms per sq mm in the unannealed state, and 50 kgrms per sq mm 
in the annealed state The corresponding figures for purified iron are 34 kgrms 
and 25 kgrms per sq mm The toughness is only slightly- affected by the aluminium 
content A selection from the results for iron with no more than 0 02 per cent 
of carbon is summarized in Table LIX The alloys, annealed at 1000°, were cooled 


Table LIX — 'Mechanical Properties op Some Al Fe Allots 


1 

AI (per cent ) 

i 

Ttield point | 
(lbs pexsq in) j 

Ultimate strength 
(lbs persq m) 

Elongation (per cent ) 

1 eduction 
area 

(per cent ) 

Before necking 

Ultimate 


000 

50 700 

54,700 

40 

26 0 

84 3 

h 

0 02 

40 200 

46,400 

50 

28 0 

93 4 

fH 

0 80 

8b 300 

86 500 

— 

25 0 

86 9 

S 

2 67 

47 700 

59,700 

13 0 

36 0 

816 

2 

4 55 

81,800 

84 400 

25 

23 0 

81 6 


L 6 24 

77,700 

86,000 

50 

28 0 

74 7 

g 

r ooo 

17 600 

34 900 

33 

60 

93 5 


0 02 

13 900 

34,470 

32 

60 

91 6 


080 

21 700 

40 100 

26 

56 

915 


2 67 

30,100 

49,400 

28 

49 

89 0 

73 

4 55 

41,900 

60 200 

22 

49 

83 8 

i 

6 24 

i 53,400 

G9 800 

11 

27 

55 5 

< 


I 






at the rate of 30° per hour M Wahlerfc found for alloys of iron with 


Al 

100 

98 0 

Brmell s hardness 

30 

34 

Tensile strength 

10 8 

11 7 

Elongation 

38 5 

30 0 


96 0 per cent 
40 

12 8 kgrms per sq mm 
24 2 per cent 


G Melland and H W Waldron found the crushing load m tons per sq m to be 
for iron with al uminium 


, 0 0 25 0 389 0 722 1 250 2 375 3 82 

Crashing load 101 2 42 5 50 63 45 3 45 18 51 0 50 10 

L Nishi}ama s 'values for the elastic constants are indicated above Observations 
were made by H Bohner, and E L Templm and D A Paul E A Hadfield 



< ist-rved that f hqu^l i r temp , - 1^2 
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ViuUiir mi 

0 "2 

20 -If 0" 

31io 

H 0 -300" 

Hit 


14 42 
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\\ F Barret* and cn worker^ found th it- r ' * 
up to 5 50 per cent , the elec+ncal * >j 
mcc increased from 10 9 to TOO mien v s 
Observations vere made b\ B A. 1 _ 
d n and G Tammann and V C _ > 

J H Partridge found that aluminium r 
the e ectrical resistance of c iM: «r 
T D Yensen and W A Gatward s ro 
ior the electrical resistance, gi\en m 7 1 e 
LX, «how that thi& propert\ increase^ d r u+ 

12 microhms for each per cent of alumn hi n 
added When the aluminium content c\ 
ceeds 3 per cent , the rate of increase 4 dis 
off more gradually X Kurnakoff anu to 
workers observed the singular points m 
dicated in Fig 421 for the electric il con 
ductmt'v and the temp coeff of the coi 
ductmtv of these alloys, A Schulze t’ie 
electrical resistance G Tammann and 
E Sotter found that the potei 'll of the 

iron aluminium allovs m 0 1A H 2 S0 4 slowl\ 0 20 40 60 80 

falls with time when eathodicalh polarized, Atonic per cert Ft 

and rises when anodically polarized A film Fm 421 — The Electrical Conductivity 
of oxide is formed as passivity develops and Temperature Coefficient of ti» 
A M Porte vm observed that with steel 
containing approximately 013 per cent of 
aluminium, with different percentages of car lion, the electncal resistance, R 
microhms per cm cube at 20°-23°, is 



Conductivity 
Alloy* 


for iron Aluminium 


A1 0 51 

njNormal 17 1 

^(Hardened 17 5 


1 08 2 04 3 05 

26 3 35 9 50 7 

27 2 35 5 51 4 


5 08 7 18 per cent 

63 6 76 6 

65 4 77 3 


and for steels with approximately 0 75 per cent of carbon 


A1 

pt Normal 
‘‘h Hardened 


105 

2 09 

2 89 

465 

915 

14 90 per cent 

30 3 

47 4 

53 0 

656 

92 6 

S7 8 

418 

57 2 

609 

76 5 

100 6 

996 


W F Barrett and co-workers gave 11 1 microhms per cm cube for the increase 
in the resistance of iron produced by 1 per cent of aluminium , A M Portevm 
ga\e 11 7 microhms, T D Yensen and W A Gatward, and E Gumlich, 120 
microhms C Benedicks’ formula for the conductivity — vide supra, Fe Cu alloys 
— is not generally applicable Observations were also made b) E Gumlich, and 
M Kuroda E L Dupuy and A M Porte\m measured the thermoelect nc force 
of aluminium steels against copper over a range of temp from — 80" to 100° The 
results expressed m millivolts with steel annealed at 1000°, and quenched from 
1000°, are as follow 
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V 

AI 


0 17 
2 04 


Annealed f 80° 7 50 

Annealed UO o° -12 65 
Hardened]-^: _“f Jjj 


0 13 
304 
— 11 50 

-11 70 
-10 05 


0 08 0 81 

7 18 4 65 

-16 60 -1000 

— -14 65 
-16 80 -13 60 

— -16 30 


0 66 0 67 

7 00 9 15 

-1130 -15 10 
-16 05 — 

-15 60 -14 60 


0 86 per cent 
14 90 „ 

-8 60 
-13 15 
-12 80 
-14 05 


Observations were made by E Sedstrom J H J Daggar stated that the addition 
of above 5 per cent of alu min ium rapidly destroy s the magnetic properties of iron 
The magnetic qualities of the alloys were examined by M E Thompson and 
co- workers, S W Richardson and L Lownds, S W Richardson, R L Wills, 
W M Hicks, T D Yensen and W A Gatward, J H Partridge, E Gerold, 
C Eickmever, AT P Barrett and co workers, L Guillet, A Schweitzer, E Gumkeh, 
and G DiUner and A F Enstrom T D Yensen and W A Gatward found that 
aluminium, like silicon, has a beneficial effect when added m small quantities The 
results for alloys with no more than 0 02 per cent of carbon are su mm arized in 
Table LIX The best allov h obtained, contained about 0 40 per cent of aluminium, 
annealed at 1100°, and cooled at the rate of about 30° per hour, had a maximum 
permeability above 35,000 The h) steresis losses, for =10,000 and 15,000, 
are 450 and 1000 ergs per cc per cycle, respectively For higher aluminium 
contents the magnetic quality decreases graduallv, so that the allov containing 
3 5 per cent alu minium has a maximum permeability of 20,000 and 3ry steresis 
losses for the giv en densities of 1000 and 2200 ergs, respectivelv This loss is onl} 
one half that of the 3 5 per cent commercial silicon steel A Kussmann and 
B Schamoff observ ed no relation between the coercive force and hardness E Gum 
lich studied the magnetic saturation of iron aluminium alloys, and A Schulze 
the magnetostricture m different magnetic fields Observations were also made 
on the effect of the magnetic intensity, and magnetic concentration on the magneto 
stricture 

G Tammann and G Siebel found that the introduction of aluminium results 
m a marked reduction in the rate of oxidation of iron J E Stead stated that the 
presence of aluminium mcreases the liability of steel to corrosion G Tammann 
and E Sotter discussed the passivity oftheallo}s A Hauttmann observed that 
the mcreases in weight, in grms per sq m per hour, due to oxidation which occurs 
when the iron aluminium alloys are heated for 48 hrs m air, are 

Ai O 1 84 3 7 2 9 44 22 34 38 32 per cent 

Oxidation 45 7 36 2 31 5 0 57 0 29 0 14 


F (J Calvert and R Johnson observed that dil sulphuric acid will extract the 
iron from the alloys and leave the aluminium , and F Wohler, that soda lye 
extracts the aluminium and leaves the iron The alloys are soluble m hydrochloric 
acid C F Burgess and J Aston observed that the corrosion of alloys of electro 
lytic iron with 0, 0 067, and 1 333 per cent of aluminium is represented by a loss 
of respectively 1 300, 0 628, and 0 760 grms per sq dm when immersed for an 
hour m 20 per cent sulphuric acid , or by loss of respectively 0 499, 0 513, and 
0390 kgrm per sq metre per vear when exposed to the weather for 162 dayt> 
from July to February 8 Satoh studied the mtndizmg of these steels by heating 
them m ammonia at 560° to 580 , and 0 Bauer, and A von Zeerleder, the effect 
of al uminium on the resistance of steel to dil sulphuric acid H Gruber found 
that with alloys 60x13x12 mm after an hour s exposure to hydrogen sulphide 


Gain m weight 


41 Fe 

700 

800° 

900 

0 100 

0 76 

5 51 

10 0 

5 95 

137 

4 89 

12 8 

10 90 

0 33 

2 38 

19 1 

15 85 

0 05 

0 15 

25 0 


The study of light aluminium alloys for aeronautical and other work involved 
observations on alloys containing preponderating proportions of aluminium 
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R J Anderson said that no binary allov of aluminium and iron is employed com 
mercnlh C A Edwards studied the mechanical properties of the bmar\ allors 
vith up to 5 per cent of iron , and H Schirmeister, allo\ s with up to 12 5 per cent 
of iron S A Pogodin, 0 L Kowalke, C A Edwards, W Rosenham, J Ohlv, 
F C Lea, 5s A Ziegler, M Ballay, E T Eichards, A \ Farr S F Herman 
and F T Sisco, Y Fuss, K Yamaguchi and I Nakamura, and L J Wills also 
studied the properties of some ternary alumimum-copper-iron alloys Y Fuss, 
of some ternary almmmum-magnesimn-iron alloys, and of some d nmimmn- gmc- 
iron alloys , C A Edwards, L J Wills, some quaternary Al-Cu-Fe-Mg and 
Al-Cu-Fe-Zn alloys 

W Kroll 12 studied some gallium-iron alloys According to E Isaac and 
6 Tammann, thalhum-iron alloys were not obtained because the b p of thal li u m , 
1515°, is below the m p of iron J G Gahn 13 heated to whiteness a mixture of 
ceric and ferric oxides, and charcoal, and obtained a green, porous, brittle, magnetic 
mass, which appeared to be metallic when filed Observations were made b\ 
P Oberhoffer 

H C Kremers and R G Stevens found that the lanthanum-iron alloy (35 15) 
is hard, but is not pyrophoric when scratched with a file A 30 per cent allov is 
much harder, and shows no increase in p> rophonc qualities The allot i* resistant 
to tarnishing m air N AgeefE and M Zamotorm studied the diffusion of cerium 
m iron The cerium-iron alloys were investigated b\ R Vogel, H Suchanek, 
L W Spring, A Trillat, and A Hirsch Starting from 95 6 per cent cerium, free 
from neodymium and praseodvmium, but with lanthmum and trice* of iron, 
melting at 775°, R Vogel found that the f p tails to a eutectic at 635 ard 5 per cent 
of iron The rising branch of the curve shows the existence of iron hemicende, 
CeFe 2 , which changes at 773° into iron pentitadioende, Fe 0 Ce> — ac ordmg to 
F Clotofsky , into iron cende» CeF© L Guillet studied the hemutende The 
second break in the curve is at 1085°, where this cende breaks up into sohd so^n rich 
in iron, and liqmd The solid soln contains up to 15 per cent oi cerium at lOBfi 3 , 
diminishing on cooling to about 11 per cent cerium at 850 and km er temp It 
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undergoes two polymorphic changes due to those of iron at 840° and 795° The 
latter is recognized by the appearance of magnetic properties on cooling The 
change in the saturation of the solid soln at these transition pomts is too small to 
be observed , the two cerides do not form solid soln The reactions in the solid 
state take place slowh, and there is a difficulty in obtaining equilibrium The 
hemicende is magnetic at ordinary temp but becomes non magnetic at 116 It 
is uncertain how far the second compound is magnetic since the alloy s contain the 

magnetic solid soln which becomes non magnetic 
at 795° The hardness is a maximum at 60 per 
cent cerium F Clotofsky found that the curve 
showing the variation of the potential difference 
with composition with a soln of 0 3A eenum 
chloride and 0 2A 7 -ferrous chloride has breaks 
corresponding with the existence of iron eende, 
CeFe, and with iron hexitacende, CeFe e , but the 
composition of the latter is not certain H Beck 
said that at 800°, molten cerium takes up con 
siderable amounts of iron ultimately forming 
what he regarded as iron decitacende, CeFe 10 
A B Schiotz obtained alloys approximating 
Ce 2 Fe 3 by the electrolysis of soln of ferrous and 
cerous salts R Vogel found that the sat solid 
soln of cerium and iron is more resistant to oxi 
dation than pure iron , the compounds are readily 
oxidized The pyrophoric properties of the alloys 
reach a maximum with 70 per cent of cerium, and 
depend on the presence of one or other of the com- 
pounds Pyrophonc cerium alloys usually consist 
of a hard compound embedded m a softer, readily oxidizable ground mass The 
pyrophonc alloys obtamed bv alloying mischmetall with about 30 per cent of 
iron were patented bv A von Velsbach, and the subject was discussed by 
H Kellermann— 5 38, 10 P Martin studied Kerr s effect The mechanical pro- 
perties of alloys with cast iron were examined by R Moldenke, E Kothny, 
E K Smith and H 0 Aufderhaar, J E Hurst, etc , and the magnetic properties 
bv G Ras^at H V Gillett and E L Mack thus summarize the effects of 
cerium 



Fig 


422 — Equilibrium Diagram 
of the Ce Fe AHovs 


Cerium is readily oxidizable and, like uranium, is difficult to mtroduce into steel without 
segregation and loss Cerium can combine with sulphur and act like manganese m pre 
■venting the formation of iron sulphide Some sulphur may be eliminated by the use of 
cerium, but cerium steels retain some of the sulphur compounds or some oxidation products 
of cerium as inclusions and are prone to excessive dirtiness TJp to amounts which can be 
introduced without too much difficulty the effect of cerium on the critical points, the 
propensity for hardening and the mechanical properties seems to be very small Tests 
on certain steels tire generally vitiated as far as showing the alloy mg action of eenum by the 
multitude of non metallic inclusions present Cerium is probably present m steel at least 
m part, as carbide A steel containing 0 25 per cent cerium gives a strong acetylene like 
odour on exposure of a fresh fracture After giving various tests in detail and analyzing 
the results, thev conclude that eenum appears to hav e no true alloying effect in steel and 
does no good Since it gives nse to inclusion, it probably does harm There is a possibility 
that it might be used as a scavenger to eliminate or control sulphur if means could bo found 
to eliminate the accompanying inclusions 

The iron-silicon, alloys, and ferrosiheon were discussed in connection with the 
iron sihcides — 6 40, 13 G Tanunann and K Schaarwachter found the attack 
of iron by silicon begins at about 1000° R Walter observed that when soft iron 
together with silicon or a high percentage ferrosiheon is heated to 1250°, a vigorous 
reaction occurs, the temp rises above 1800°, and the mass melts The early 
samples of siliceous non contained up to about 6 per cent of silicon , and the 
siliceous cast iron known as glazed pig, or burnt pig, formerly rejected as useless. 
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nu\ t)e in<a ufactured aebbera^en ) i\ t\ * Jl kJB hi^sttn obtained 
h eM\ ^jceoiiN iruu. h\ heating iron ana mi- u t b* jr » n * n* r^on the mLc a 
not sauced if c irbon 1 e absent Alinas vtrtm.f ij E R-i» *n WJ, a l 
V* A Poured m IS fb T E Holgatt? gu\» a n**rii c* ui i* i]-m- 5/ 1 hp jt 1,1 i f t’ ^ 
? ri*portioi of carbon decreases as f ne <d’ten eont^t m ^4 t aru r l*f>2 
H (’-ron had observed that sibcon transform? lumlw^ - *r n * 4 +’ * < 

state & J Snelua, m 1871 and C ftoeu. ai**\ m * ai 

*oir bund carbon into f r ee carbon ana so ■‘ran^orm'd wb’* » * * ^ A ; 
ca^tro- The allo\s were discu^d h, J Uhl* W t a**] T L !**•■*" 

J \n ott, & Kothn> , H D Hibbard, R P H^o*- H Batn - H K 1 «iUv 

1 ft allniinr K \on Kerpelv, J Sitoer-te n, H Junsbl^n M De »*«■» { H " 

V Grertler, R filter, F Peter-, A T L'wzuw J E* * J B 
T Ha^dei E Pwowarskv, R Xamais, E Dora+n %»a M H<? ^ a P G -od 
\ Ledeour G P Scholl, J Ohh B L 5anzetti 'ft ^ 1 J V v j onljfcli 
F M Becket, H C H Carpenter, M G < or-; , P H » V < T M - ** 
H Dt’omenie, and E Lieaeme Some of t n e +rade Hume o f - <. rrus os 

resisting iron silicon allot 5 are durroi , taaf*ron> corrj* rut 4 **, * h*l 

iromc, ana mctillure The\ carr} from 13 5 to lb 9 pe- cent * ~ n hi *0 5 

per cert of iron, 0 2 to 1 25 per cen+ carbon, 0 06 to 0 78 per a A * * * - n« t 1 >ru 
0 01 to 0 15 per cent of sulphur MetiHure has 0 25 per cen 4, 
enamte, 2 23 per cent of nickel T D Yensen found that career > m * 5 e * v e 
aa a deoxidizer than silicon, and that 2 to 3 per cent of sil con 15 a^Out oeV: v* 
s 0 3 per cent of carbon Silicon can dissolve in iron in aF propcrOoi- * a* 
onl} 4 to 5 per cent of carbon dissolves in the absence of specia ; impurities or 
metalloids The control of the proportion of silicon in pig-iron wi 3 d.-cn-seci &\ 
■ft H Morris , and J W Thomas showed the variations in tne proportions of 
silicon m pig iron as the iron flows from the blast-furnace The deoxidizing powers 
of silicon were discussed b\ C H Hertv and G R Fitterer The behaviour 

of silicon m cast iron, etc , was studied bi I L Bell, C F Josepn and 
A L Boegehold, 0 \on Keil and F Ebert, G Jung&t, P Oberhoffer, M H Wick 
horst, A Smith, J M Weeren, J S Kennedy, P Gixod, ft Venator, and 
B Neumann T Turner, and ft J Keep and E Orton observed that white 
cast iron which gi\ es porous and brittle castings \ields a metal free from honey- 
combing, and possesses greater strength when it is associated with a little silicon 
ft ith up to 2 per cent silicon, the iron becomes grey, and possesses a maxim am 
strength With more silicon, the iron remains grey, but becomes weaker, and 
closer grained C F King observed that m pig-iron the carbon Lbertfed on 
cooling is proportional to the proportion of silicon, and he also estimated the 
rate of elimination of the metalloids in the Bessemer process F Gautier sa»d 
that some of the alleged ill effects of silicon, by C J B Karsten etc ma> De due to 
+ he presence of silica, which, as H \on Juptner emphasized, ma\ accumulate 
l>etween the crystal grains, and lower the tenacity of the metal R K H *dheld 
also f i\ oured thib view, for he observ ed that the presence of up to 2 per cem bilicon 
imported a remarkable ductility and toughness m the bendmg and tenacity tests 
L Guillet said that the only sibcon steels capable of being rolled are those with Jess 
than 5 per cent silicon and 0 20 per cent carbon, and with 2 per cent ^incor and 
0 80 per rent carbon According to R A. Hadfield, a specimen with 0 24 per cent 
silicon did not force well smee it cracked while being hammered , but sample* with 
0 79 to 5 53 per cent of silicon forged at a >ellow heat Sample* with higher pro- 
portions of silicon are red short and crumble at a low red heat e\ en when there 
is onl\ 0 25 per cent of carbon , with a higher proportion of carbon, the metal 
becomes red-short with a lower proportion of sibcon The red shortness is not 
removed b\ further additions of silicon, or of manganese The fractures with 2 18 
per cent sibcon are silky, and with higher proportions the\ are coarseh erv stallme 
T D Yensen found that the limit of forgeability of iron silicon allo\ s bes between 
7 and 8 per cent sibcon A critical range occurs between 2 55 and 2 bO per cent 
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silicon m which tlie allov s are v irv brittle hemg in tome cases unforgeable Accord 
ing to R A Hadfield, neither annealing nor water quenching ha* anv effect on *he 
structure of cast or forged silicon ^teel There is a striking change m the fractur* 
on exceeding 2 5 per cent silicon The cnstals become large nav e a glazed appear 
ance, and cleave after the manner of *peigeleisen A* this crystalline structure 
becomes more marked the metal becomeb v er\ brittle, approaching silicon can ircr, 
and is non malleable The presence of silicon m steel ib fatal to welding C F Bur 
ges^ and J Aston discussed the working qualities of the silicon iron alloy* 

F Osmond found that *iLcon combines with iron with the ev olution of heat 
but the resulting compound, is decomposed by an excess, and it can e\i>t onV if 
sufficient silicon be present 4 Fry, X Ageeff and M Zamotorm, M Dubowirkv, 
and L Guillet discussed the diffusion of silicon in solid iron , and W F Holbrook 
and co-workers, m liquid iron The equilibrium diagrams of the iron-^iLcor 
s} stem, and of the iron-carbon-silicon sv stem were discussed m connection wit«i 
the iron silicides 6 40, 13 There is not j et general agreement m all part> of 
the equilibrium dia gram — particularly below 15 per cent silicon B Stoughto i 
and E S Greiners summary is mdicated m Fig 423 The curve of magretic 

transformation, FRG, oc 



curs at 760° with an alW 
having 1 7t> per cent Si, 
drops to 450° as the silicon 
increases to 17 04 per cent , 
and remains at 450 with 
allojs havmg up to 25 per 
cent , it is perceptible wth 
allovs having 27 30 per 
cent but not with allojs 
havmg a higher proportion 
of silicon The curv e FRG 
thus represents the effect of 
silicon on the A 2 transfer 
mationofiron X B Pil 
Img observed a sharp lire 
of demarcation between 
brittle and ductile allots 


Fig 423 —Equilibrium Diagram of the System —probabl} the dotted lme, 

Lrort-Silicon Fig 423 , and B Stough 

ton and E S Greiner ob- 


served confirmatory evidence on the temp — electrical resistance curve Allojs 
with less than 33 per cent of silicon undergo a complex senes of transformations 
on cooling, the line AB is supposed to represent the pentectic formation of 
Fe^Si at 1255°, because T Murakami observed no evidence of heat corresponding 
with CD m alloys with less than 18 per cent of silicon, and because on extra 
pointing N B Pillmg’s results, the curve AB connects with the pentectic 
reaction at B It may be that the curve AB connects with CD at C instead 
of the pentectic reaction at J? T Murakami regards the magnetic transforms 
tion FK and KG as changes of phase, and the lme HI represents a transforms 
tion of Fe^Sig The lrness eparating the y- from the a-phase have been traced 
by F Wever and P Giam, R Frfiley, H Esser and P Oberhoffer, M Bam 
berger and co-workers, and A Sanfourche Fig 423 is based on the assump 
tion that four silicides are formed M G Corson considered that his photo 
micrographs demonstrate the existence of iron tntasilicide, Fe 3 Si, formed bv 
a pentectic reaction between the melt and the solidus at B , then a pentectic 
motion sets m at 1020°, the lme DE } between FeaSi and FeSi, to form iron tntadi- 
ahortft, FejSifc, thus FesSi+SFeSi^SFe^ Tk e ditntasilicide is decomposed 
at temp exceeding 2)2?, and the tntasilicide is decomposed when heated to BR 
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T* re I s1 a nnvunva * m v < me r* *n< ,j nj wirh iron monoszlicide, Fe^, 
Tid *» h ddt l xJLivr urn m Mnr fui^ c *rr r ^<1 n: ^ t( iron sihcide* FeS^ 

- \\n\cr *nl H MolVr foi* i* 1 r ha* Mp n.o’ * 1 » * 4 A ,i t • ♦ « ^1 ,%S\ 

q .=-4 467 A 5\ ml-t t* * re >i d<*no* tt** ’•’A 1 I i t *> ^ < f rvxv*** r>r 

o* F» s i Fto s ^ ard Fr^i^ VFov-Wj+io a» "3 0 p * ^ T * * 1 » ▼* nu^rt 
* \t\s <unnle there 1 - a eu^ ^c 45 p*-r 7 + i ro Hi* ^ < - n i* v + V 
lAe^e i- orlv 5 r* Terence of temn e^ve^n w *.-* + » *■ i + m A > <ft’ 

a \u<k it V Tbt0phv*e as a sol <t '*' if +, f 1- ’ ^ * A p 

r ) J L H inchton ind M L Becker, the qiufjs iri~j -) 7 ~ ♦ m’a^i n 
so j Ti i e elo^e togttner and fad it 35 Der eer* s* on + o 11 * H the e *“*>< + * t>mp 
with the € phi*e — FeSi TLe maxmidin of ^ Lqn la- ne in * f € r *v jn ^ 

■>* 1410 and falls at 51 per cent « hcou to t‘ e e mr* + '<=> ± > i *f a+ 1213 

The £ phase is thought to be iron hemipentasibcide, F* ^ w u^' ^ *• a + ect < 

Vith 59 per cent of -llieon at 1203 Iron - out - 1 jntix * > L c, httb 

-olubilitv of silicon m iron at the eiAectir ^ mr + >l s 5p* c n + «■ +o i5 

percent at about 800" In agreement wi*h T Monk^m -he ir*— * „ «-w *o A ~ ^ 

cane, at about 1030 , is attributed to the formi^on cf jp*' t* 4, r i ih Ft»\, 
Taere is another arrest at 950 , which has not \et been mte^pTf^a s m i *wp^ 
the j3a transformation until it meets the boundary of ti e ^ pm** <*t l'*j ani 14 5 
pe r cent of silicon, after which the curve is nonzor+al an J *o 25 per Cf r * -1 a*' 
Tue magnetic transformation at 82 n is due to \ change A n ^he r t pha-e R T m 
ndL E Carlsmith and A Frv studied the dJfasxm of suicor r ron — dt ceme^ 
tition — and A Sanfourche, the cementation of iron with -liicon *>\ mean- of Si aCcu 
tetrafluonde F Wust and 0 Petersen, and (i Charp\ and A L^rnu-The^ari 
showed that the solubility of carbon m iron decreases as the p^oport on of silicon 
increases The solubility of carbon in iron Was discussed dj W Gonterminn, 
K Honda and T Murakami, D Hanson, H Voss, F Roll, A Merz, T F Pear^or, 
A L Norburv J H Andrew, M L Becker, H Moissan, F Poboni, ana J E Stead 
F Wust and O Petersen found that the presence of silicon causes the ledebunte 
point to occur with a lower proportion of carbon, or at a higher temp , and, as 
indicated abo\ e, it renders the formation of cementrte more difficult, and favours 
the production of graphite M L Becker found that as the silicon increase* up to 
4 per cent ,the solubilit} of carbon at any constant temp , between 940° and 1100% 
decreases, whilst the effect of temp m raising the solubilitv becomes less marked 
Below 940°, probably in the neighbourhood of 920°, the solubility drops to zero The 
effect of silicon on the Ar 4 arrest was also discussed 6 40 13, and m connect on 
with the equilibrium diagram of the carbon iron allots F Osmond W Gon+er- 
mann, T D Yensen, L Grenet, T Naske, K Honda and T MuraJUmi, and 
G Charp> and A Cornu Thenard showed that the effect of silicon is to ra'se the 
temp of the A s arrest, and to dimmish its intensity , whilst R Ruer and R Kle-per, 
\ Sanfourche, F Wever and P Giam, G Phragmen, and D Harson have shown 
that the A^arrest occurs at decreasing temp and gradually disappears Thi-, 
coupled with the fact that A Westgren and G Phragmen found that the space 
lattice of 8- and a iron are the same, led P Oberhoffer, D Hanson, and T D Yen-en 
to suggest that with silicon above, say, 1 5 to 2 5 per cent , the A 5 and At arres+s 
merge into one another, and y-iron is no longer present in the svstem F Wever 
andH Moller studied the X-radiograms of the monosikcide F Wever and P Giam 
also found that the a— >y transition temp is raised and the /—>8 transition temp is 
lowered by increasing proportions of silicon, and no transition occurs when more 
than 1 8 per cent of silicon is present The subject was studied t\ J H Andrew, 
R S Archer, A Carnot and E Goutal, G de Chalmot, W Claus and R Hensel, 
W Haufe, A Hayes and co workers, K Honda and T Murakami A Jouve, A Kriz 
and E Poboril, P Tebeau, A L Norbury and E Morgrn, P Oberhoffer and 
C Kreutzer, G Phragmen, N B Pilling and G P Halliwell, C Schols, 
H A Schwartz and co-workers, H Scott, E Vigouroux, and F Wever F Korbe 7 * 
described the “ etching colours ’ of the iron silicon allov q 
vol xm 2 o 
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H A Schwartz and A N Hird observed that in the freezing of the eutectic fc 
the teraarv system, the silicon will he rejected to the liquid and will he found 
possibly as a silicocementite — m the eutectic cementite if the cooling is slow enoug 
for equilibrium conditions G Charjn and A Cornu Thenard thus summarize* 
their observations on this subject The A 3 point rapidl} decreases as the pro 
portion of silicon mcreases The Appoint falls gradually in the temp scale whei 
the percentage of silicon rises , it loses little by little its intensity , but still persist 
when 7 per cent of silicon is present In this case, the A 2 pomt is the only anomafi 
appearing on the thermal diagram of allo\s contammg a low proportion of carboi 
e\en when the rate of variation m temp is sufficiently accelerated The effect o 
silicon on the eutectic temp of the pearkte precipitation was examined by F Wusi 
and 0 Petersen, A P Hague and T Turner, and W Gontermann D Hansor 
also studied this subject E Sohnchen and E Piwowarshy observed that silicoi 
reduces the solubility of carbon m iron, and 5 7 per cent of silicon raises the 
eutectoid temp to 940° F We\er and P Giam, E Gumlich, and K Honda and 
1 Murakami studied the effect of silicon on the temp of the/} to a-magnetie change 
W Guertler and G Tammann found that with the following atomic proportions 
of silicon, the Ar 2 pomt was but little affected 


Silicon 
Ar 2 arrest 


0 06 
760° 


10 40 
750° 


20 00 
746° 


29 10 
733° 


38 60 
720° 


47 50 at 
720° per cent 


According to G Charp} and A Comu-Thenard, the individuality of the A 2 ~pomt 
is more clearly indicated by the fact that it is possible, at will, to retam m or eliminate 
from its vicinity the Ay-pomt, by bringing mto pla} the precipitation of graphite 
The temp at which the A r pomt occurs rises with increasing proportions of silicon 
reaches and finally passes the Appoint, and at the same time it becomes fainter 
After reaching a given proportion of silicon and a given rate of variation of temp , 
the A 2 pomt completely disappears, and all the carbon in the metal is then graphite 
The effect of silicon on the critical temp of iron was discussed by E GumhcL, 

W E Ruder, A P Hague 
and T Turner, F 0s 
mond, J O Arnold, 
G Charp^ and A Cornu 
Thenard, R Ruer and 
R Klesper, B Kjerr 
man, F L Meacham, 
T Baker, P Debye, 
H Faxen, L M Bnl 
lomn,I Waller, F We\er 
and P Giaru, H Es 
ser and P Oberhoffer, 
P Oberhoffer and H He 
ger, E H Schulz and 
F Bonsmann, A San 
fourche, F Wust and 
O Petersen, T D Yen 
sen, W Gontermann, 
and K Honda and 
T Murakami — vide 6 
40, 13 

The results of 
C Kreutzer with the 
X radiograms are sum 

u , manzed m Fig 424 

vv ltn up to 1 1 per cent of silicon, a-iron changes into 8 iron through y-iron , with 
to 2 5 per cent of silicon there is a region where a- and y iron can co exist, but 
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iifid J 5 }H?r cent of ^hcor the a-phast f *iv * + othHS piw*-e Vm rd 

^ \ , 1 D \ensen repre-mitMl the constitution i f tn loot -* iron *Vv* of i-o? 
Ait’i 0<Ml to (J 1 per cen + of ^ con, bv Fig l2i Ti c djt'ed line- ^uik" r#eu 
♦ -t ik^bed experment tlh fk *r u * If n * < * 

rmon hr low H 05 per cent , T&hen tm* T^opo'm »i « * i < oi r> » *t , * <« 

1< A* to the conclusion tiwt tin A ard +r«ii jr » it yi-.lepe’ if * Cf ir j , ** 

content m Mien a wav tm* tre lower tie cation, tm 1 c^ t v e^oport * m » mp 

u eded to e } annate these pom+s Hea' e, t*j 1 5 t<“ 2 ~ - r r r - J; t - f * } 

to be needed to efface tnc arres* is re drv ae] it r,n *te pr<q -?i n /yf 
carbon, and with no carbon no silicon would be rtqa rc * t »» tL* \ irre + 

rm\ ded oxv gen and other mterv*- tn imp 't *ic r« icjt n * V \\y tjr*n 

and G Phragmen observed x*i*+ ti e * to 8 + rvn t , L t, 
a toy transformation, and P Ob^rhoffer mlir PLiiiimr l a * *i j5n* 
cen* silicon steel the a- and 8 ranges *onn <>* e conu^a <vrr * ar n r R i ^ 
made a similar observation with respect to chroi niim ^e* * 

Tne silicon is presumably present is silirule * *n Jm c » * - > #i < * *^r ug 

solidification when the eutectic breaks up mt^ Hjb 1 mi ^ ttr 

>ibcide was thought bv W Gontermann to divide r^if ^ % nppff ** t -c a 1 
austemte J E Stead observed that m lo»r >i j icu* t m ♦» t +t n+ia* 

the silicon in solid soln as silicide, but as tne prop>r**on c* ^ u ^"e 
increases, some umtes with the carbide to form son cm c dc — o n ?Qu ^ + ^e 
possibly Fe s (Si,C) Indeed, he observed that two d ffereat cement rW ** 
from high silicon irons — one, comparatrveh free from silicon Lfco^uia r et < 
leattmtmg, and the other, comparatn elv r*ch m silicon ren*ai^ v,L t* * 
the heat tmtmg The highly silicified cement i + e is un-tabic. ana j E Str A 
considered that it is responsible for the graphitic condition of ca^ iron- Tk* 
carbon m the iron carbide may be precipitated at high temp bv the diffusa cf 
the siLcide from the austemte In the cooling of solid, high Silicon the 

austemte, remammg after the separation of the primarv graphite, deposits a on 
cementite associated with more or less silicide and the bilieocementite will be a ^ 
likeh to persist the higher the proportion of silicon m the iron At the temp of 
the pearlitic change, there is btill present the solid soln of cementi+e containing 
much silicide As the solid soln is resolved into pearlite, and if tne proportion of 
silicon is high, the whole of the pearlitic carbide dissociates 
into a ferritic matrix with the silicon m solid soln as silicide ^ ^ 

The cooling curve of grey cast iron with a trace of combined , T 
carbon, graphite, 3 30 per cent , manganese, 0676, silicon, 

4 321 , sulphur, 0 025 , and phosphorus, 1 660, has an arrest , ^ 
at 1118°, the primary f p , and freezing is extended to 1030 D 
is the iron carbide, containing the bulk of the silicon, /sc 
dissociates, the arrest at 943° is due to the freezing of 
the iron-phosphorus carbon eutectic , the arrest at 850° is MC~ 
due to the formation of pearlite, and the arre c t at 690° is 
probablv due to the formation of pearlite m the eutectic of '3 ? 
iron and phosphorus, and it points to the conclusion that 
silicon is not a constituent of the austemte of the ternarv 
eutectic P Bardenheuer and M Kunkele, and P Oberhoffer r 
and C Kreutzer studied the effect of silicon on the arrest* * „ 

D Hanson studied the effects of 0 4 and 1 9 per cent of 
silicon on annealed and quenched iron-carbon alk»s Fg 42 "> — Tie L^ect 
T F Pearson also examined the effect of silicon in hastening or bihron on *he 
the graphitization of carbon iron alloj s — tide supra , cast iron OI C irhon 

K Schichtel and E Piwowarsky found that the solubilitv of 
carbon m liquid iron is lowered by the presence of silicon and the effet + or ti e 
carbon solubility curve is shown in Fig 425 The effect on the proport < >v < »i 
carbon in the eutectic, and on the eutectic temp is shown m Fur 42o t )} >m rv at ioi s 
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weie albo made h\ F E Bachman, W Gontermann, A L Norburj , K Honda 
andT Murakami, B S Summers, and F WustandO Petersen The reduction uer 
unit of silicon, up to 3 per cent , is smaller the higher the proportion of silicon 
and -with over 3 per cent of silicon, the reduction is proportional to the content 
of silicon, but increases from 0 28 to 0 40 unit of sarbon per unit of silicon as the 
temp rises from 1200° to 1700° The addition of 1 2 to 6 per cent of silicon to 
h\ poeutectic allo}s of carbon and iron causes graphite to separate in a ver\ fineh 
divided form, but with, hypereutectic alloys, the graphite separates in needles— 
tide supra, graphitization With ternary, iron carbon phosphorus alloys, the 
addition of 1 2 to 2 8 per cent of silicon displaces the porphyntic line, CE, towards 
the iron end of the diagram, and as the proportion of silicon increases, the solidi 
ficition range becomes smaller and smaller, and the proportion of molten metal 
which solidifies m primary crystals is larger Hence, with composition almost up 
to the eutectic, the graphite separates completely from the primary crystals, in a 
finely dispersed form P Oberhoffer found that the range of existence of the 
y phase becomes smaller as the proportion of silicon increases, and disappears with 
alloys having over 5 per cent silicon D G Anderson concluded that with 




Fig 426 — The Effects of Silicon on the Carbon 
m the Eutectic, and on the Eutectic Tem 
perature 


Fig 427 — The Constitu 
tion of Silicon and Cast 
Iron 


1 1 per cent of silicon, the combmed carbon in cast iron rose sharply as the total 
carbon dropped below 3 4 per cent , and the strength rose sharply as it dropped to 
about 2 9 per cent , with higher proportions of silicon, the combmed carbon rose 
as the total carbon fell below 2 5 per cent , with 2 per cent of silicon, the maximum 
strength corresponded with about 1 9 per cent of carbon , and with 2 2 per cent 
of silicon, with about 1 95 per cent of carbon G Tammann and W Salge studied 
the residues left after treatment with an acidified soln of ammonium persulphate 
L Guillet said that the constitution of silicon steels is virtually independent of the 
percentage of carbon, so that the lines separating the different zones are nearlj 
parallel to the carbon axis The subject was investigated by A B Albro, H Birn 
baum, M G Corson, L Grenet, J L Haughton and M L Becker, B Kjerrman, 
A KnzandF Poboril, E Lissner, A MerzandF Fleischer, N B Pilling, T Sato, 
and T D Yensen B Stoughton and E S Greiner, and H Sawamura gave 
Fig 427 for the constitution of silicon cast iron Field I contains cementite, 
silicofemte, and temper carbon , while field II contains sibcofernte and temper 
carbon The solid soln Fe-C-Si was not observed H Scott found that silicon 
has a marked effect on the temp of transformation of ma rte ns ite to troostite 
O a on Keil and F Kotyza studied the effect of silicon on the solidification of 
iron carbon alloys 

P Oberhoffer and W Oertel examined the re-cr} stallization of a 4 per cent 
. silicon steel showing the grain size as a function of the annealing temp W H Hat 
field, and E Piwowarsky discussed the infl uence of the size of casting, the rate of 
cooling, and the casting temp on the properties of a silicified cast iron, and 
\ N Krxvobok, the re-cry stallization of the cold-worked alloy E Adamson, 
A B Allison, O Bauer and K Sipp, S J E Da n gerfield and co-workers, D Hanson, 
F C Nix and E Schmid, R T Rolfe, H Sawamura, and A Stadeler studied the 
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on of silicon on malleable cast irons, etv TLe d*« van j m *f m nor 
w* 5 *' areussed b\ E Aaamson H M Bo}^ ton, G K Bu\rc^ * it* W * 
J F Carlm A L Feila C H Hertv and co worker* H M Hrw< U \^r Ko 
ina F Kotvza, F M Larmann E G Mahm and F J Mo A? E ndi> 

N Petmot E Piwowarskv, W E Remmer*, H ht 1 L A L M 

X 8 winder E Thews, and others — tide supra For the can ^ + at u~ ** t**-** 
^tee 1 * i de sup) a The eSect of phoaphoru* 11 1 > m»- w? * *d u\ 
W Hummitzseh and F JSuuerwald, 0 von Kedand R M~^o n IB K r’-’iiu 
T D Yensen H Moller, and Z Nishivama studied. t* e X-md n;ni i et the-e 
allots, and obtained for the lattice parameter a, t*>e *=p trr V 1 ^ <i +Le 

elastic modulus L kgrms per sq cm 
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H Moller, E R Jette and E S Gremer, and F Meter ’ 1 H Mo *r <*-&* *-»t 
the crtbtal lattice of FeSi F C Nix, and A T Lowzt w ^uuf* i m<r> 
structure and the texture of the allots, F Korner, tK g * u ^r* , ul 

TAM llson, the orientation of the crt stals 

The sp gr of the iron silicon allots was pretiouslt areussed W Bin*i.nu 
for a steel with 0 028 G and 0 07 Si, the sp gr and sp \ ol re^ * ' eit 7 v 771 
and 012695, with 0 020 G and 2 50 Si, rebpectnelt 7 6931: anu »> 129**5, * i 
tuth 0 26 C and 5 50 Si, 7 5100 and 0 13315, so that an increase ap to 5 5 pc- te* 
bincon mcreases the sp vol b\ 0 0011 cc per 1 per cent silicon P PiJ » iXi 
said that the sp gr decreases 0 058 per 1 per cent mere i*e of s I eo” J R^ne 
and B Simmersbach made observations on this subject E G imlich rtprtstr^wt 
the relation between the sp gr , D, and the per cent p contents, bv Z>— 7 b7 i 
—0 0622 p According to W J Keep, and R A Hadfield, high percentages ut 
sihcon m the cast or forged metal cause a considerable increase in * drink ige or 
contraction P Paglianti observed that the Brmells hardness mcreases about 
3 5 units for even 0 1 per cent rise m the proportion of sihcon F Robm studied 
the acoustic properties and found that the metal becomes aphonic when 1 per cent 
silicon has been added In addition to the observations of R A Hadfie l d on *he 
mechanical properties of the iron sihcon allo}s, mentioned in connection with the 
iron sihcides, observations were also reported b} L Guillet T Turner measured 
the sp gr of silicon-iron carbon alio vs, and the results are indicated oelow 
Observations were also made bv A Abraham, J 0 Arnold, C Bedel R A H.dheld 
E Hevn, K v on Kerpeh , A T Lowzow, A L Norburv and E Morgan, J Rothe 
E H Schulz and F Bonsmann, A Schulze, M von Schwarz, and A W ihloerg 
C Benedicks’ results are summarized m Fig 186 M von Schwarz give for t**e 
iron silicon alloys, at 18° 

Sihcon 0 2 2 0 15 0 29 3 40 2 51 8 65 9 79 4 93 4 UH> pe» out 

Sp gr 7 883 7 784 7 032 6 198 5 378 4 40b 3 3b7 2 787 2 363 2 309 


E Widawsky and F Sauerwald found that the introduction of 1 per cent of 
silicon raises the sp vol of the iron-carbon allots 00010 cc per grim The 
subject was studied by C Benedicks and N and C Eric^on, and \Y Denecke 
0 Hengstenburg found 

Silicon 25 33 4 50 1 bl 5 95 0 per ttn 

Sp \ol 0 155 0 lb5 0 213 0 254 0 419 

T Turner measured the hardness of the iron sihcon carbon nllov & and he 
found, on the sclerometer scale 
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clongat on and reduction of artn fall to ztro Z ^ shiv uru values for the elastic 
constant are indicated ibove f f Porter di&cv* e»t the effect of ^1 "*or» the 
fiu T iit% of the molten illo\ 
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ftr cent silicon 

Figs 428 and 429 — Mechanical Properties of Sil con Iron A'lo* b Muted mUti- 
Forged and Annealed at 9~0 


G Charpj and \ Cornu Thenard found that the dilation cun es of 'ro** j’L^on 
allots show that the addition of silicon to iron does not appreenhiv affu.* the coeff 
of expansion "between 0 3 and 700° , while With 3 9 per cent of silicon the metal 
shows no dilational anomah A Schulzes values for the t» tff of therm d 
expansion X 10 6 are as follow 
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V L Xorbur} and E Morgan studied the effect of siucon on the grow* a u* cast 
iron W Brown observed that the sp ht of the allots vith U 02^ C and 0 07 
is 0 1134 , with 0 20 C and 2 50 Si, 0 1200 , and with 0 2t> C and 5 30 Si, 0 1194 

This shows that an increase of up to 2 per cent of silicon raises the sp ht 0 003 per 

1 per cent Si, and that further additions hate tert little effect Observations 
were made by M Padoa, and G Tammann and V Cagliot 11 

In addition to the observations on the electrical resistance indicated m con 
nection with the iron silicides, A Schulze, and E Kolben made some measure- 
ments , J H Partridge observ ed that silicon raises the electrical resistance of 
iron , and T D Yensen found for the resistance at 20°, R microhms 

Si 0 001 0 010 0 008 0 148 0 472 1 74 3 55 4 92 per tent 

JR 9 83 9 89 10 75 11 8 16 2 31 2 51 5 fab 5 


so that the sp resistance increases about 13 microhms for the first per cent of 
silicon added , and about 11 microhms for each additional per cent added 
H le Chateher, and E Gumlich found an increase in the re^ st mee of 14 0 microhm^ 
per cm cube for 1 per cent of silicon W F Barrett gat e 10 3 V F Burgess 
and J Aston, 12 0 , P Paglianti, and T D Yensen 13 0 and ^ L Norburv 
13 5 for the best representative value According to T D Yensen if R microhms 
per cm cube be the resistance at 22°, and [Si 1 the percentage of sil con m the 
alio} , [Si]=0 0544(12 — 9 6) if R be 16 05 or less, and m other cases L Sf=0 35 
-f 0 09(i2— 12 16) E L Duput and 4 M Portevm found the thermoelectric 

force of silicon steel against copper, expressed m millrv olts, to be 
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Observations were made bv E Sedstrom T C Mackav found the increment 
in the Hall effect tc be proportional to the percentage of contained silicon up to 
5 per cent A M Smith studied the effect of temp on the Hall effect 
T 1) Yen^ea gav e for purified iron, and iron with 4 per cent of silicon initial 
permeabihtv , 700 and 440 respectively, maximum permeability, 26,000 and 
15,500, saturation value, 22,600 and 25,000, h}steresis loss (ergs per cc per 
cvcle for R=10,000), 600 and 500, retentivitv, 8600 and 5200, coercive force, 
0 20 and 0 15 gilberts per cm , electrical resistance, 10 and 55 microhms at 20 , 
md sp gr , 7 9 and 7 b 

The magnetic properties of the silicon iron allov s were discussed m connection 
with the iron sihcide& Observations were also made b} E Kolben, R Pohl 
A Jouve, F E Raven, K Daeves, H Scott, W F Barrett, F 0 Caldwell, 
f H Hruska, M Otto J V Stearrs, T D Yensen, AY E Ruder, J D Ball and 


\\ E Ruder, T Spooner, W A. W ood, R Cazaud, E Peterson, H D Hibbard, 

H de Nollv and M Yevret, M Fallot, 


§\ 60m foniZZ£tolF7M r ~ ^ A Hunter and J W Bacon, 

T ; r ; 1 E Gerold, M v on Moos and co workers, 

| 40000 S R Williams, C H Lillis, H F Par 

| '""V^ ! — i— | j \ ' shall, P Reusch, H Nathusius, F Goltze, 

^ "j ~ i\" x J H Partridge, O von Auwers, 

J n ' 1 ~ rrn >i % C F Burgess and J Aston, G J Sizoo, 

^ 1 ' l l S sooo\§ P Paglianti, B Becker and H F ^ 

v is 000 - 1 '■ - b ' • , o Freundlich, C Bedel, etc The results 

^ ^ of T D Yensen are summarized m 

■§ < f0 ooo - Fig 430, where the magnetic perme 

^ = — h — p m B m*x m too## ability is expressed in terms of /x=Z?/H , 

^ 5000 — M j 4- t . — Uh — f the flux density and retentivity m 

— j * — t — — j H — < gausses , the coercive force m gilberts 

^ 0 4 — t — 1 — • ' -py ■ | "-pi J per cm , and the hysteresis loss m ergs 

^ ' // per cc per cvcle The best alloys 

1 1 ^ contamed 0 15 and 3 40 per cent of 

| * j ' silicon, and were annealed at 1100 ° 

^ ^ 0 | " j * j I ' I , The maximum permeability for both 

ia ( ?n n n * ; ' ' ' j j TJ\ alloys is over 50,000, and the hvsteresis 

TT T loss for J3 max , 10,000 and 15,000, is 

$ < jqqq , about 300 and 1000 ergs per c c per 

^ 1 mL- J&^oboo^b A c} cle respectiv ely This hv steresis loss 

^ - " ’ : 1S respectively one-eighth and one third 

far cent silton of tke corresponding loss for silwon 

steel E Gumlich found that allots 
Fig 430 —Magnetic Properties of the -ynth p per cent silicon — for values of 
Iron-bilicon AJlojs y up V 5 ^ cent _tke saturation 

value 4^ nux =21,600— 480p A Schulze studied the magnetostriction, and also 
the effect of the mtensitv and concentration of magnetization, T Spooner 
studied the effect of temp on the induction, E P T Tyndall, the Barkhausen 
effect , L Neel, the Curie point , O von Auwers, the influence of gram size on the 


5s \ f 5000\ 


Annealed at / 000° 


=^T-p 






'23- f 
Percent srticcn 


Fig 430 — Magnetic Properties of the 
Iron-Silicon Allots 


magnetic properties, ard J D Bell, the magnetic reluctivity, that is, the inverse 
of the metallic permeability, /x— 1 , of silicon steel 

E Martin studied the absorption of hydrogen and nitrogen by silicon steels 
and found that there is a small nse in the solubility of the gases m molten iron 
for small quantities of silicon, but with higher proportions the solubility is less 
than it is for purified iron With nitrogen in a-iron, however, the solubility of 
nitrogen is greater than it is for iron alone L B Pfeil observed that a three-layer 


scale — vide supra — is formed when silicon steel is heated m air for some hours at 
1000 3 , no silicon appears in the two outer layers, but all is concentrated m the 
innermost layer where it occurs about three times more concentrated than in the 
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original ^teel Probably some ferrous silicate w as formed l the mn» r * *y er In 

R ilallet found that iron rich m silicon i- not rt d^tacnc i o\ *cidb , a 
trotectrve skm of sibca ma\ be found T lunier 10 * u that pig *ron c<u t ur mg 
13 ptr cent of silicon was not appreciabh ru t d rfvr 1 lew yea 1 *^ txp sn r e to 
tne air of the laboratory J A N Fnerd ~vl ( W Mar ill thit xf 

allowance be made for the tendencv of &iiicon i ■> c r tu^tw oat » i^bon as 
griphite, the presence of 124 to 2 2b per cr* of ^ *vrt- *n» 
influence on the corrodibilit} of the metu eitiur m ne n-il tr kuLl mt 1 a On 
the other hand, the presence of 012 to 013 pr ctu f of - b m ” mud *eel 
enhances its resistance to atmospheric corrosion, a d vnt' * tV tr\ turn 
were also made b> F Ulzer and E Baderle M yorSchwirz uui u L F Burges 
and J Aston, who found that with iron alloyed with sd . *n 

Silicon 0 0 233 1190 1 6‘r 2 s2t 

Acid corrosion 1 300 1 630 1 m> 1 &o<» 1 2~0 

Atm corrosion 0 499 0 509 0 307 0M*b < 633 

where the acid corrosion refers to the loss m gram* per *>q dm wLtn *n ntr td 
for an hour m 20 per cent sulphuric acid , and the <j>rro- u* re^cr** to the 
loss m kgrms per sq metre per y ear when exposed 162 d i\ s *rom Jub to I\ binary 
H Fromm studied the scaling of silicon steeb P A^kei i>v Luted tne nee 
of sflicized iron to steam at 1000° 

P Kotzschke found that 1 5 to 
3 0 per cent of silicon m cast 
iron does not influence the rate 
of corrosion m h} drochlonc acid , 
in cone llkali ly e, silicon m 
cast iron is strongly attacked 
0 L Kowalke said that 16 to 
20 per cent of silicon gnes the 
maximum resistance to corrosion 
by sulphuric, hy drochlonc, mtnc, 
acetic, and citric acids, and his 
results are summarized in Fig 
431 The resistance of silicon- 
iron alloys to acids was discussed 
b} A Jouve, J Hoffmann, 

S J Tungay, P Bres, A Mangin, W Schrech, P Kotz>ehhe P Kotz^cLke 
and E Piwowarsky , H G Haase, H Endo, W Denecke, M G turnon 
E Piwowarskv, G Krebs, E Leuenberger, M Spanner and M Golt^rm?nn, 
T F Bamgan, C Matignon, E Becker, and J W Hmchley E H Schulz and 
F Bonsmann found that the resistance of silicon steels to ar'tls and acidified 
water is small, but it can be improved by the addition of 03 per cent of 
copper According to W D Richardson, and M H Hatfield, cast *ron containing 
silicon is less readily attacked by mtnc acid, and more readily attacked by h\ dro 
chlonc acid than is the case with iron of a higher degree of purity A Jorne 
observed that iron with 20 per cent of silicon is not readily attacked by acids 
Thus, with 20 per cent mtnc acid, the alloy lost 0 6 per cent m 12 hrs , and 
0 9 per cent in 48 hrs With 12 and 24 hrs ’ exposure to cone mtnc acid, the 
losses were respectively 0 0215 and 0 0142 per cent , nitric acid (1 1), 0 0243 
and 0 0168 per cent , cone sulphunc acid 0 1174 and ml per cent , sulphuric 
acid (1 1), 0 0975 and nd per cent , tartaric acid, nil per cent , acetic acid, 
G0958 and 0 460 per cent , and oxalic acid, 0 0676 and nil per cent Hydro- 
fluoric acid was the only satisfactory sober t Y Utida and M Saito measured 
the gam m weight in grams per sq cm when alloys with about 0 05 per cent 
carbon are heated for an hour at 1100° , and also the loss m weight m grams per 



Fia 431 — The \ction of 4t J* on the Iror SJiron 
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sq cm , when the allots are immersed m 10 per cent acids for 24 hrs The) 
found 


Silicon 

0 

133 

4 lb 

700 

9 88 

13 02 per cent 

At 1100° m air 

0 0212 

0 0405 

0 0023 

0 0019 

0 0012 
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0 1038 
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0 0397 

0 027*4 

H a S0 4 
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0 1762 

01256 

0 1041 

0 0513 
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H Endo measured the losses m weight m grams per sq cm durmg 5 hrs * action, 
at ordinary temp , of alloys with 0 45 to 0 55 per cent of carbon, and different 
proportions of silicon E H Schulz and W Jenge represented by Fig 433 the 
loss m grams from a silicon iron alloy 20 mm diameter by 125 mm length in 
5 per cent boiling hydrochloric acid The corrosion of these alloys was studied 
bv H H Abram, P Askenasv, J A Aupperle, T F Bamgan, W 0 Camel, 
M G Corson, H E Differ, G M Enos, J Eseard, F Espenhahn, A B Everest 
and co workers, H G Haase, R A Hadfield, W H Hatfield, F Korber 
0 L Kowalke, W Mason, C Matignon, B Neumann, W Oertel and K "fturth, 
W E Pratt and J A Parsons, W D Richardson, P D Schenck, E H Schulz 
and W Jenge, G Tammann, J G Thompson, and R Walter A M Portevm 
and A Sanfourche studied the action of phosphoric acid F Korber studied the 
etching films produced by an alkaline picrate soln P Kotzschke and E Piwo 
warsk) observed that the percentage of silicon should be kept as low as possible 
(below 1 5 per cent ) for grey cast iron to have the best resistance to corrosion by 
acids and salt soln — tide supra T F Bamgan examined the action of sulphuric 
acid on iron M Wunder and B Jeanneret studied the action of phosphoric acid 
on ferrosihcon, and W Hunnmtzsch and F Sauerwald studied the ternary 
system iron-phosphorus-silicon J G Thompson and co workers studied the 
action of soln of urea and of ammonium carbonate , W G Imhoff, the action of 
molten zinc , and J A Hedvafi and F Hander, the action of calcium oxide 
The av erage composition of the iron silicon alloy tantiron is said to contain 

Silicon Total Carbon Manganese Phosphorus Sulphur 

14 to 15 0 20 to 0 60 0 20 to 0 35 0 16 to 0 20 0 05 per cent 


SOrFe 


to have a tensile strength about 25 per cent less than cast iron , an impact test 
of 8 to 10 ft; lbs for § in bars , not to rust except at the skm , and to be but 
little affected bv sulphuric, mtnc, or acetic acids — cone or dil , cold or hot 
L Leprovost studied the corrodibility of the lron-copper-sfiieon alloys and found 
that the 78 8 16 alloy resists mtnc and orgamc acids very well, but is rapidly 
attacked by hvdrochlonc aud P Lebeau observed that a sibcide, or iron is 

soluble m silicide of copper, and crystallizes out 
on cooling 

AGO Gwyei and H W L Phillips studied 
the constituents of the alumimum-silicon-iron 
alloys cast at room temp , and the) observed the 
existence of aluminium silicide, and iron tn 
alumimde, as well as of various solid soln , 0 to 
100 per cent silicon, and 0 to 100 per cent 
aluminium H Endo observed a 3 to 4 per 
cent change in vol during the meltmg or freezing 
of silumin , an aliov of iron aluminium and 
silicon (0 5 67 5 12) H V H Carpenter and 
( C Smith, D Hanson, E H Dix, P D Merica 
md co workers, Y Fuss, W L Fink and 
K R van Horn, E H Dix and A. C Heath, 
^ i j i/ an< ^ H L Phillips, and W Rosenhain and co-workers also 
studied the iron aluminium silicon alio) s The phases include a and j8 solid soln 
of iron and silicon The X-radiograms indicate that the a-phase is a solid soln 



Fig 432 — Phase Relations at 560° 
m the System Fe-Al-Si 


IRON 


571 


of silicon in FeAl 3 , yyhilst the d pin&e is a t*rnir> sum y*it i all fxtess of 
aluminium E H Dix and A C He^b* (Ingram of the ph*«e rtVions at 5b<» 
is shown m Fig 432 The nitralization of these, a j V wa^ studied — 1. Of rfe** 
blaci , and \\ Humuntzsch and F Sauerwalu t F Sau^r^ *M an l n w rkers 
studied the iron-phosphom-sdicon alloys i’w. ^, UiC t F*-Fe<n-Fe^ - \n 
independent ternary system Fe.P and FeS* 'n 4 t> ina « a Jx FeoP-Fes* ^ 
not quasi binary There is % ternary eateft e wtu 6 33 r>t; , ‘ rent ? , 7 45 per 
cent P, and 86 20 per cent Fe, at 101^ 

The iron-ti tanium alloys, and the pTeparvtior ot ferret fun in- *»r>re cti** Usaed 
m connection with titanium— 7 41, 3 and 6 C J R Kur-ten *■» c Wr\ ed that 
traces of titanium occur m many \aneties of ca* + iron aM E H v fo^ri that 
‘‘Oine titanium is also present in some ca^ ron » M Fvil*y and T sv/hrt d/l 
not succeed m allowing titanium with steel, L\ intensely heatmg a mixture uf nteel 
filings, rutile, and a little charcoal T Ptrc* did not succeed any bet^e* borne 
ofM Farada} andJ Stodart s alloys were eximintd l>\ R \ Hadiie^ct R Mushet 
obtamed a titamferous steel or iron bv heatmg titanderous iron san t* like the 
New Zealand titamferous sand, with iron or steel and some carbon i it^er- 

R Mushet obtamed a number of patents fur the application of t tanum t» ■> the 
manufacture of iron or steel , and its manufacture * ™ v* *ctiea l\ \ J Rossi 
P Girod, E Bahisen, C Grand] ean, G H Stanley , J B Nau W He m P Ober 
hoffer, J Challansonnet, G T Hollov a\ W Venitor E yonMultitz E H Ro+hert, 




Fia 433 — The Action of Hydrochloric Fig 434 — The Corrcb on c bn con 

Acid on Iron Silicon Alloys Steels b\ Acicuo 

0 Simmersbach, L O Kellogg, R W Stimson and W Borchers, F t Wener, 
J Ohly, G P Scholl, W and H Mathesius, S S Sternberg and F b kusikrn, 
F Peters, 0 T Starke, J Escard, J W Richards, W Guertler, F M Becked, 
S Heuland, H C Sicard, B Osann, A Haenig, and J W T h om ^ A S + iv en- 
hagen and E Schuchard, and W R Hulbert obtamed the illo\ s b\ the thermite 
process The use of titanium m steel for the removal of nitrogen v is d^u^ed 
by R W Raymond J B Nau, H Braune, and E von M iltitz , it h is Jso been 
employed as a deoxidizing agent — a subject discussed by P H Dudley, L V Slocum, 
G B Waterhouse, H Schiemann, G Vivanti, H M Bov 1st on, B Stoughton 
M H Wickhorst, E F Lake, J E Hurst, E Piyvowarsky, T Horhager, G F Corn- 
stock, W A Janssen, W Huppertz, 0 J Stemhart, A Carnot and E Gout tl, 
L Jordan, C H Gale, F A J Fitzgerald, G K Burgess and G W Quick etc 
It has also been employed for preventing tne segregation of steel The 
ha\e also been recommended for making rails more durable, but according to 
E yon Maltitz, H Otto, and A Pjaessezky, the evidence m favour of the u^e of 
titanium for this purpose is by no means satisfactory 

J Laissus, and N Ageeff and M Zimotonn discussed the diffusion of titanium 
m iron The equilibrium diagram of the iron-titanium system wis partially 
explored by J Lamort, and it was discussed in connection with the ron titamde, 
Fe s Ti A Carnot and E Goutal made observations on the subject R ^ogtl 
studied a portion of the system Fe-Ti-C Por* ions of the binary s>y s*e Fc-Ti 
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and Fe-0 are known, and the s>btem Fe 3 Ti-C has been partialb explored b> 
K Tamaru If it forms a eutectic equivalent to Fe 3 C+Fe 3 Ti, the equilibrium 
diagram of the ternary system ma\ approach Fig 435 The three curves, £^0, 
\ ^ EJ), and E s 0, are eutectic 

cun es, m which the three sur 
faceb, AE^OEx, E^OE^C, and 
E 2 OE 3 B, represent the begmmng 
of the cn stallization , and the 
pomt of intersection, 0, is the 
ternary eutectic The eutectic 
plane, CNB, passes through 
these points forming the fields 
with a binary sohd soln , FA , 
and cementite, FNC , the bmarv 
sohd soln , QN, and iron tnta 
titamde, QXB , and the ternary 
solid soln AQ^SF As crystal- 
lization proceeds, the three phase 
triangular fields, f^C, f^chC, 
' and A 00, appear K Tamaru 

40K v ^ n found that m the ternary alloys 

Fic 435-Portwn^heTemarj S^tem of lron and carbon mtb ^ 

than 4 per cent of titanium, all 
the titanium is retamed m sohd bdn m the ferrite Titani um decreases the 
amount of carbon m the iron carbon eutectic, and also the solubility of carbon at 
high temp E L Reed, and A Michel and P Bcnazet studied the effect of 
titanium on the transformation points of steel 

A M Portevin observ ed that titanium raised the temp of the martensite and 
pearhte transformation of steel with 0 6 per cent of carbon — 1 per cent of titanium 
raises it about 50°, while a higher proportion of titanium produces a less rapid 
change Thus, with 0 6 per cent carbon steels, the transformation pomts are 


ll 

0 32 

0 64 

0 72 

2 57 

4 63 

8 71 per cent 

Ac x 

755 J 

800° 

810° 

812 J 

825° 

828° 

Ar a 

716° 

765° 

765° 

765° 

765° 

768° 


01 per cent carbon, the beginning of the transformation is 
lowered by titanium, while the austenite and pearhte transformation remains 
constant at 690 Thus, with 0 1 per cent carbon steels, the transformation 
pomts are 


d “ 0 88 1 40 2 57 per cent 

7 1 * 8(50° 850° 830° 830° 

-80° 780° 780° 780° 

Ar i 690° 690° 690° 690° 

J Lamort found that the magnetic transformation falls linearly from 780° to 690° 
, T e Proportion of titanium rises to 21 per cent The subject was studied by 
r « c e anc * P ^ enaze b ^ho found that titanium lowers the A± arrest, and raises 
e 3 arrest, making the y field of the system bounded by a closed curv e extend- 
mg outwards to about 15 per cent of titanium R Vogel said that increasing 
tme titamum content, with slow cooling, reduces the temp of the transformation of 
n *o+ * e most mar ^ 6 ^ 1 cent carbon and 6 per cent titamum 

, f. m an osmondjtic structure characterized by a great 

, „ ? 1 1 ^ a ttack hy acids The almost complete absence of the carbon 
hv 1031 ^ sluggishness of the pearhte transformation caused 

nrnwwi rtanmm 4. Pai * of T the titamum appears to form titanofemte, a part is 
W A t aSS ° Cia ^ e< ^ 11011 an d part appears as titamum carbide 

anssen, and J Lamort also observed that some titamum nitride may be 
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W i 

present C \ blocum said tha* 'f 3 to ^ pe r cen* o* t irbou p*e**>» t a 
ferrotitanium, most occurs as graphite 4 nd al>ou + 0 1** to n ^ 

there as combined carbon E PxyowiT*\ f< md n c„ * ^ x cou*^ » mg 
1 per cent of silicon, tne addition of up to n > j r* <l++\ * ™ i the 

proportion of combined cirbon but w^L lv ♦ * mn — 1 7 i 2h pe* iv t 

the mfluence of titanium wa* mdefin^ Ft^ **< cm* + i-v * *i t .€ +pc\ 

i lie supra 

T Lamort round that Sr nell s h^rcine > * » r* c** l x< m r «* +o "* f < ■*> in e t*m*3cn 
of 21 5 per cent titanium— ude ufrc V 0 * c. f*^i i +*- *t t* 1 a up +o 
12 per cent titanium behaves like crcbrc^ ctf-ei n.muJtto+h 1 - u T c * 
tensile strength and brittleness The ter le cO cf n* men * tu^ucr 
abh increased by the addition of titimum p^t i !’i ’ ri r* < « j^r s 
The titanium also hinders the formats of a r 1 JJ e- 4 m< t ** i«n * hr** * »n* r 
and more compact castings L GuiM iddt i tn t st t ^. With p tn Ri jer ** + 
titanium are pe^rhtic The mechanic i in jt^tieb are n u c* v 

titanium , though the tensile strength mu > t tlign+h ir wd ai a the uungu o 
diminished The elastic limit and resi-tarce +c *»£♦ ck i rtf cnu^g* <i i M Prr 
tetm found that the tensile strength and ehstic Lrui* on ++et r i lg n^rr^se siowh 
as the proportion of titanium increases, a* shown m Ta^e LXII The ia + fc%« 
results m this table are due to G B Waterhouse Ol^rvannrs wer* a rvd* 
b\ L Guillet, H W Gillett andE L Mack J OhH, R Muiutrkt, 1 L Cidnv, 
E K Smith and H C Aufderhaar, J H Ku*tcr and C PlanneL a^Vut, R Wa- 
muth, I MusattiandG Calbiam, E Kothn\ W Kroll R L G rj \\ E R* unerv, 
J W Donaldson, J Arend and M Loebe, A E M Smith, L H G e, B Jr*ougL + or # 
J E Johnson, M H Wickhorst, F Bertrand, J E Hurst, B Fei^e E \or JliiVz, 
L Treuheit, W Venator, H Mathebius, U F Cormtock H Oto, A P^e-mu, 
P Blum, J V McCrae and R L Dowuell, K Tanguchi and H Fleek 

A M Ported m found the electrical resistance, i? m c r ohmb per cm r j'v, a + 
16° of steels with 0 1 and 0 6 per cent carbon 


Table I XII — Mechanical Propebiils o* Titanic m njeii^ 


Composition 

Uastic limit 
(kgrms per 
sq mm) 

1 Itlib le 

I s rength 
(kgrir'. per 
| tq mm ' 

^ Hmgatim 
(pt-r ten* 

I i-ttir 
cf -rea 
(per en* ) 

Bt dp 3 
l "*» 

C (per cent ) 

Ti (pel cent ) 

0 12 

0 41 

i 

33 9 

1 

40 7 

20 

__ 


0 14 

1 40 

36 1 

48 2 

19 

i 

101 

0 14 

2 57 

34 6 

45 2 

17 5 

! — 

00 

0 70 

064 

52 b 

94 1 

q 

, — 

207 

0 62 

1 72 

53 3 

87 7 

1 10 

| — 

212 

0 61 

2 57 

58 S 

90 4 

10 3 

1 — 

212 

0 64 

4 63 

57 8 

89 8 

95 

f — 

212 

0 65 

8 71 

52 5 

1175 

1 85 

— 

248 

0 10 

000 

27 0 

39 3 

30 2 

i 61 0 

102 

0 10 

0 025 

27 1 

41 9 

28 7 

5b 4 

112 

0 11 

0 050 

27 1 1 

40 9 

31 b 

| 63 b 

no 

0 12 

0 075 

27 0 

42 9 

1 29 7 

643 

113 

0 15 

0 100 

28 2 

44 1 

J 30 6 

> 60 0 

! 

115 

i 


0 1 G 


ITi . 
p/Xormal 
Hardened 


(Ti 

0 6 C Normal 

{Hardened 


0 42 0 bS 1 40 2 57 per cent 

13 1 13 8 15 1 161 

13 6 14 3 15 3 17 0 


0 32 

064 

0 72 

2 a 7 

463 

8 71 per cent 

19 8 

210 

21 4 

22 2 

25 1 

28 7 

29 3 

30 3 

31 0 

31 5 

343 

37 9 
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According to K P Applegate, the addition of less than I per cent of titnuum 
improve^ the magnetic permeability % little and reduces the loss by hysteresis 
J Lamort found that the remanence of iron allo\ s n creise^ slov 1> as the proportion 
of titanium rises to 14 per cent , and thereafter rapidh , the magnetization falh 



fbr ra nfc titanium 


npidh as the titanium rises above 11 per cent 
an allot with 23 per cent titanium is praeticalh 
unmagnetizable M 4. Hunter and J W Bacon, 
and A Michel and P Benazet studied the magnetic 
properties of the titamum steels 

N T^chieschew&kt and N Blmoff, and S Satoh 
s+ud ed the mtndization of these steels by heatirg 
them m ammonia at 560° to 580°, and M Wunder 
and B Jeanneret, the action of phosphoric acid 
H Endo represented the losses m weight, m 
grams per sq cm of some titamum steels m 


Fie 436 — The Corrosion of different acids for 5 hrs at ordmarv temp by Fig 
Titanium Steels bv 4cids 136, the proportion of carbon was 0 42 to 0 46, 

and the proportions of titanium were 


Titanium 0 089 0 178 0 388 0 446 0 592 0 902 1 100 1 338 

(H,S0 4 0 00539 0 00490 0 01352 0 01427 0 01660 0 01683 0 01599 0 01577 

Loss HC1 — 0 00541 0 00565 U 00545 0 00712 0 00754 0 00781 0 00735 

|HN0 3 0 04553 0 05152 0 04593 0 04507 0 05102 0 05222 — 0 04834 


E Wedekind, 16 and T E Alhbone and C Sykes prepared a zircomum-iron 
alloy, or ferrozircomum, by fusing a mixture of the two elements m v acuo Alloys 

were also prepared by J L Brown and 

20Q0'\ , H S Cooper, J B Grenagle, H L Coles 

and J R Withrow, E K Smith and 
H C Aufderhaar, F M Becket, 
R H McKee, H C Sicard, J W Marden 
md M N Rich H W Gillett and 
E L Mack, C M Johnson, H E Potts, 
H Fleek,E Kothny,R C Good,W Stun 
son and W Borchers, H C Meyer, 
J Garmon, L Bradford, W Guertler, 
E M Becket, L Perboz, P Guy, 
A L Feild, R Tull, F B Riggan and 
H C Aufderhaar, and G K Burgees 
and R W Woodward — see 7 42, 6 
J Laissus discussed the diffusion of zir 
comum in iron R Vogel and W Tonn 
studied the equilibrium diagram, and 
their results are summarized m Fig 437 
There is formed iron tntadmrcomde, 
Percent of vrzomrn Fe 3 Zr 2 , melting at 1640° The effects on 

Fig 437 — Equilibrium Diagram of the transformation pomts are indicated 

Fe~Zr System in the diagram About 0 7 per cent of 

zirconium dissolves my iron 

Zirconium, like titamum, is regarded as a possibly useful scavenger for iron 
and steels F M Becket, and A L Feild found that it combines with and elimi- 
nates sulphur , and it may reduce the nitrogen-content of steel Zirconium is 
also said to counteract the brittleness by the impact test due to the presence of 
phosphorus The subject was also studied by J V McCrae and R L Dowdell, 
J E Hurst, and C T Evans, who attributed the good effects of zirconium 
rather to its scavenging action than to its work as an alloying element Thus, 
F M Becket found 6 
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Drawing temperature 
Elongation (per cent ) 

Iveduc^ion of area (per cent , 
\ield p:>mt <lbh per sq m ) 

Uiti nate strength /lbs persq in ) 
Izod impact test 
Brinell s hardness 


0 70 C 

u 1 j Zr 

v~Uk, 

Z 

375 

4^2 

>"7 

V2 

83 

j2 " 

>2 

~ i 

23 i 

**3 S 


22 ♦ 

lsj y* 2 

1~2 t>2o 

’Js i27 

K * j S« 

227 2n3 

1 *s 

l*#- *%< 


" j 

’4S 

7 


4U 

4 f r 


4iH 


I E Allibone and C S\ke* found that iro x retains v * *» h lit cfut 

zirconium it ordmarv temp The eu + ec*K liL )\ co*t 7 u- i~ nr /m r am 
Bevond this, up to 30 per cent zircomum, the -frond t < - + '+ v r r * ^ m ou< 

«?tantl> increasing amount, but then it hi- no* vet b^en ilei* T f a p ot 

the eutectic is near that of iron The hardness — ^ h/j * — nf thj 1 v c"n 
stantlv increases from 1 to 30 per cent and the^e i- \ -te* **•- r v m 0 to 
1 per cent This mdicates the presence of a solid a" l^r t mu* *2 Thf* 
second constituent is not so brittle a* the niche* nliov of th > * n« i r -d o~ 
The Brrnell hardness of the allo> is 290, or f\e timr^ +r iat v* V I < f & Wi*h 

0 to 6 per cent of zircomum were forged hot the optim iVi t<>T^ cm ^ i create* 
with mcreasmg proportions of zirconium , the fogging c* -imj 1* s witr < > * * ^ per 
cent of zircomum was not successful The sample* were mu* »*^d ** ^70" 
until the hardness was constant The o per cent aho\ hi 7 » t nw - + rength 

50 per cent greater than that of iron, and a ductility 10 per cent *i s Ti e ot r> e,l 

tensile strengths, in tons per sq in , were 


Zirconium 

0 

03 

06 

105 

1 48 

3 3* 

2 t 

Brrnell s } forged 

105 

123 

— 

14b 

lbO 

1*1 


hardness 1 cast 

57 

71 

135 

140 

14S 

l*v* 


Tensile strength 

19 20 

21 9 

20 3 

25 3 

25 2 

31 i 

3n 7 

Ductility 

26 0 

38 0 

26 0 

210 

22 0 

ItO 

♦ 7 j*-** 


The effect of zirconium is to lower the A r 3 transition pcmt- of iron iru * , 

but the Ar j-arrest is not affected Zircomum shows no aralogv wit a r 
H \V Gillett and E L Mack thus summarize the effect of zirconium 


Zirconium should be classed with its chemical sister, t*tan*um, as a pus- bk uv*ml 
scavenger rather than an allowing element Much work on zircomum in s**ei* oi th^ 
high sihcon mckel type failed to show any trace of true allov mg beha\ lour due +o xir-cm am 
or, at least that it has any greater effect than so mud silicon F M Bet feet and 
\ L Feild have i>roduced far more definite evidence as to tl e scavenging vane oi zir 
comum m plain carbon steels than exists m the case ot tit am an Thev v^ow ckarlv 

that zircomum combines with sulphur, and mav also eliminate some sa^pbor This actio i 
is quite anal ogous to that of manganese and of cerium It is said tlia f steeds * rested w th 
zircomum are unusually free from dispersed slag particles Bather good ev iderce is also 

adduced to show that zircomum combmes with nitrogen and it ma\ decrease the total 
nitrogen content of the steel In some way not \et undere ood, z rcomum appears to 
reduce the brittleness on impact test, due to high phosphorus content The mechanical 
properties of heat-treated carbon steels with small amounts ot zirconium are changed bu* 
slightk and the average effect is that to be expected from increased cleanliness ot the steel 
% e slight improvement m both strength and ductility rather than an increased hardnes- 
and strength concomitant with lowered ductility, as would be expected from a tme a'loyr'g 
element C T Evans states that while, for the production ot a certain chromium tungsten 
cutlery steel he prefers to add silico zircomum, the zirconium which is practif a K 
elimin ated before the steel freezes he can at times get just as good reeu ts without 7ir 
conium, and only uses it because he finds that the properties aimed for are mom reaoity 
obtained bj. the use of zirconium as a sca\ eager No data hav e vet been presented to *bow 
that zirconium has any alloying effect, either alone, or when present m co mb in a tion with the 
common alloying elements 

■\V Zieler studied the deoxidizing and desulphurizing action of zirconium m 
steel, and noted that inclusions of zirconium sulphide do not make s tee^ brittle 
F R Palmer found that 0 £ per cent of zircomum sulphide added to a high 
chromium steel improves its machining and grinding properties , there was \ 
slight loss of toughness and tensile qualities, but the product was suited for cor- 
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rosion resisting parts The zirconium sulphide helped to pre\ent air hardening 
m low carbon grades of stainless steel, and raided the temp necessary for hardening 
A M Portevm and A Sanfourche, ‘ind M Wunder and B Jeanneret studied the 
action of phosphoric acid C Sykeb me^bured the electric resistance, and magnetic 
induction of some iron-zirconium allov s 

F Roll 17 showed that with the germanium-iron alloys, the germanium parfclv 
preserves and partlv decomposes cementite C A Edwards and A Preece found 
that the solubility of tm in solid iron increases with increasing temp up to 760° 
and then becomes less as the temp is further raised to the m p of iron Their 
equilibrium cur\es are summarized m Fig 438, with the effect of tm on they phase 
of iron obsened b\ F We\er and RemecLen C 0 Bannister and \Y D Jones 
studied the diffusion of tin mto iron 

G Tammann and K Schaarwachter found that the attack of iron by tm begins 
at about 215°, and mcreases with rise of temp C J B Karsten said that the 
allowing of 1 per cent of tm with iron does not make the latter red short, the metal 
can be worked while white hot, but at that temp it always gives off white \apouis , 
he also added that 0 19 per cent of tm lowers considerably the tensile strength of 
iron T Bergman prepared iron-tm alloys with iron , tm as 1 22, and as 2 1 
Alloys were made by W Guertler S Ste\anovic found that in a senes of alloys 
the crystals near Fe 4 Sn 5 m composition are hexagonal and those near FeSn 2 are 
tetragonal J L Lassaigne observ ed that m the distillation of mercury, m cast 
iron retorts, from mirrors silvered with tm amalgam, an alloy of iron and tm is formed 
approximating iron tntastanmde, Fe 3 Sn , and it occurred in tetragonal needles 
It can be freed from the excess of tm bv boilmg it with hydrochloric, or by treating 
it with nitric acid The compound, thus purified, forms shining, square needles of 
Bp gr 8 733 The compound is bnttle, and when the powder is projected m the 
flame of a candle, it bums with the emission of sparks and a white smoke It 
does not rust m air when it is moistened with water , it is not attacked by mine 
acid — cone or diL , hot or cold — it dissolves slowly m boilmg hydrochloric acid 
and rapidly and completely in aqua regia This compound was prepared by 
W F Headden L J Spencer described some probably tetragonal crystals of 
iegSn obtamed at the bottom of some baths of molten tm J Percy also com 
mented on the rust-resisting properties of an alloy with 9 per cent of tm 
C A Edwards and A Preece found that iron hemistanmde, Fe 2 Sn, is stable between 
760° and 900°, but can react with tm at 800° to produce the monostanmde 
H St C Deville and H Caron said that non stanmde, FeSn, crystallizes from a soln 
of iron m an excess of tm , it was also prepared by W P Headden C A Edwards 
and A Preece found that the monostanmde is stable at all temp below 800°, and 
reacts with tm below 496° to form the distanmde C Nollner said that some tm 
from the East Indies, when digested with hydrochloric acid, left a residue consi s ting 
of small crystals of non distanmde, FeSng, of sp gr 7 446 C A Edwards and 
A Preece observed that the distanmde exists below 496°, and when heated above 
that temp forms the monostanmde and a liquid rich m tin W P Headden also 
obtained this compound P Berthier, and W P Headden, reported iron tetrtfa 
stanmde, Fe^n, and iron tntatetrastannide , FegS^ , C F Ra mmels berg, iron 
pentastanmde, FeSn§, and iron hexastanntde , FeSng , and W P Headden, iron 
hemttnstanmde, Fe 2 Sng, iron pent itahexastannide, FegSiig, and iron teiritapentar 
stanmde, Fe^Sng , and iron enmtastanmde, FegSn The proof of the chemical 
individuality of all these products is wanting E Isaac and G Tammann found 
that tm and iron are only partially miscible in the fused state , at 1140°, with 
from 50 to 89 per cent of tm, two layers are present Tm is soluble to the 
extent of about 19 per cent m crystallized y-iron , at 1140°, the layer rich in iron 
decomposes mto a solid soln and a fused mass, and, at 893°, the solid soln reacts 
with the fused mass to form what may be non tntas tanmd e, Fe«Sn These changes 
appear as breaks m the cooling curve At 780° there is a third break which is 
thought to represent a polymorphous transition , there is a fourth break at 496° 
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from 89 to 100 per cent tm, the f p curve falls rapidlv F Wever and W Re*x ecken 
observed no gap m the miscibility of the molten metals, and the\ fcund that + re 
sit solid soln contains 18 per cent oftm C A Edward ^ and \ Pruce ob-ened 
a miscibility-gap, but obtained no e\ idence of the formation of the +r ta^tannjde 
R Ruer and J Kuschmann showed that the two metals ha\e a bmitei 
which is not explained awa\ b> assuming that the separ it*on rlo two H\ers i** 
caused b\ segregation during solidification Th*s combines with the liquid phit»* 
at 1132° to form the compound Fe$Sn if the allo\ contains between 18 per cmt 
and 48 per cent of tm Below 890°, thr* com 
pound decomposes mto FeSn 2 and mixed crvstals, 
or, if the alloy contains more than 41 3 per cent 
of tm, combined with tm to form the same com- 
pound The compound FeSn 2 undergoes polv- 
morphic transformations at 780°, 755°, and 490° 

Tm does not affect the temperature of the magnetic 
(a->j8) transformation of iron The a->y transition 
point, however, is raised 40° bv 1 per cent of tm, 
and the transition point depressed 140° 

With a cone greater than about 1 9 per cent of 
tm, iron does not pass through the y-phase at all 
m cooling C A Edwards and A Preece studied 
the constitution of the irontm allots, and the\ showed that the thermal 
formations at about 760° and 800°, which F Wever and W Remecken a*tnbu*ea 
to polymorphic changes occurring m the distanmde, are more probabh d e to 
decomposition and formation of the hemistanmde and monootanmde G Tam- 
mann and W Salze studied the residue left after treatment of the al l o> w th ar 
acidified soln of ammonium persulphate E F Kohman and X H Sanborn 
discussed the formation of a tm iron alloy m the production of tm plate 
J W Donaldson, and F Roll observed that tm with cementrte produces gre\ 
cast iron 

Table LXIII — Magnetization or Ibon Tin Alloys 



o vksv &L d so$> :s 
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Fig 438 — Equihbr nm Diagram 
of the Fe Sn Allots 
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18 000 


i 

i 

El 

13,100 


13 350 


18,850 

18 850 

18 200 

‘ 48,150 

029 

2,150 

8 650 

9 400 


18,250 

18 250 

17,600 


0 34 

3900 

6 400 

9400 


18,600 

18,350 

mssnm 

3 fWM 

0 69 

5 800 

7 600 

11,300 

13 750 

18100 

18 650 



0 72 

9,400 

11 700 

11,300 

14 150 

19250 j 

19,200 


MTJT 31 

157 

8 700 

11,700 

14,000 


18 050 

18,400 


17,600 

2 06 

12,900 

12 400 


13,750 

17,250 

17,950 




W F Ehr et and A F Westgren found that the FeSn lattice is hexagonal 
with a= 5 292 A, and c=4 440A, and umt cell has three FeSn mols The 
Fe^n-cell has two mols per umt cell The cell is hexagonal with a— 5 449 A , 
and c=4 353 A The umt cell of FeSn 2 is hexagonal , it contains 12 atoms and 
has a=5 317 A , and c=9 236 A J E Hurst, W H Spencer and & M Waldmg, 
C F Burgess and J Aston, E K Smith and H C Aufderhaar, P Blum, and 
W Keller described some working qualities of the tin iron alloys A L Xorbury 
studied the effect of tm on the hardness of iron K Tamguchi also studied the 
hardness of these alloys A Ledebur observed the tensile strength, T tons per 
sq m , and the percentage elon g ation of ingot iron and crucible steel to be 
\ol xin 2 p 
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Ingot iron Crucible steel 


Tm 

0 

0 10 

0 19 

0 25 

0 63 

0 23 

0 50 

0 68 per cent 

T 

20 9 

26 2 

24 6 

25 1 

29 7 

45 9 

45 9 

46 9 

Elon 

31 3 

28 7 

180 

26 8 

19 7 

15 o 

16 5 

35 


Alloys with as little as 2 5 per cent of iron are magnetic , and the temp at which 
iron loses its magnetic properties is practically unaffected by the presence of tin 
C 3? Burgess and J Aston measured the magnetization, or magnetic induction, 
By of allots of iron and tm — unannealed, annealed at 675° and 1000°, and quenched 
at 900° — for magnetic fields of intensity H gauss, and the results are summarized 
in Table LXIII , while the results for the coercive force (H m&z =200), and retentmty 
(■Hmax =200) are summarized in Table LXIV “ S ” refers to Swedish iron, and 
“ El ” to electrolytic iron 

Tabus LXIV — Coercive Force am> Retentivity of Iron Tin Aixoys 


Tin 

Coercive force 

Retentivity 

(per cent ) 

Not 

Annealed 

Annealed 

Quenched 

Not 

Annealed 

Annealed 



annealed 

at 675° 

at 1000 

from 900 

annealed 

at 675 



S 

55 

48 

39 

50 


12,700 


8,500 

El 

55 

62 

5 1 

25 

■f#; ufl 

13 800 


8,000 

0 29 

23 5 

75 

53 

50 

■yt iw 

11,700 

9,100 

8 700 

0 34 

12 3 

89 

5 5 


BIX Ul«l 

12,700 

9,400 

8,600 

0 69 

75 


43 



12 300 


12,100 

0 72 

70 


39 


■II jn 

13,200 

8,700 

8 900 

157 

60 


40 


mmm 

13,100 

11900 


2 06 ! 

30 


35 


■iii 

11,300 

9,300 

8,600 


F W ever observed that with increasing proportions of tm, the a transition 
temp is raised and they->8 transition temp is lowered F Wever and W Remecken 
found that iron takes up 18 per cent of tm in solid soln The y iron region is 
reduced by and disappears with 1 9 per cent of tm Iron tritastanmde decomposes 
at 890°, producing iron distanmde, FeSn 2 , which separates along h to q , the dist&n- 
mde undergoes afiotropic transformations at 780°, 755°, and 490° The liqmdus 
is horizontal with between 48 and 75 per cent of tm The compound Fe s Sn 
decomposes at 890° A S Russell exposed a mixed tm and iron amalgam to the 
action of an oxidizing agent, and found no sign of the formation of a compound , 
as soon as the tm is nearly all oxidized, the oxidation of the iron begins F Wever 
showed that with over 2 per cent of tm, the y-transformation of iron disappears, 
and the A s and A* points of iron meet, and with more than that proportion of tm, 
the a- and 8 iron areas are continuous — cf chromium -iron alloys P Goerens and 
K Elligen found that tm acts on pig iron similarly to antimony (q t ) M Faraday 
and J Stodart said that steel is not improved by alloying it with tin L Guillefc 
observed that tm dissolves m molten iron, and when 5 to 7 per cent has been added, 
a stanmde is formed which is found in the shape of needles usually in well-defined 
clusters The carbon remains m the pearlitic stage Tm makes steel brittle and 
unworkable when the proportion exceeds 1 5 per cent L Guillet, and M Hamasumi 
noticed the hardening effect of tm on iron E H Sarnter observed an alloy with 
0 35 per cent of tm gave off a white fume when rolled , it rolled fairly well, but did 
not draw to wire satisfactorily Alloys were also described by C F Burgess and 
J Aston, B Eyferth, H J French and T G Digges, P G J Gueterbock and 
G N Nickhn, G Jones, W Longmaid, E Mauer and W Haufe, L Mayer, P Ober 
holier, J Percy, S Rrnman, H de Senarmont, J E Stead, and M Stirling The 
use of imperfectly de ironed sheet iron in the manufacture of steel may introduce 
a small proportion of tm A Ledebur showed that 0 1 per cent of tm m low carbon 
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steel raised the breaking point 1 4 tons per sq m , and reduced the elon gat ion 0 8 
per cent J E Stead found that sensible quantities of t*n raised tae y ie!d point and 
ma x i m um stress, and also increased the hardness of steel when hot The presence 
of tin should be low because it tends to make the me+al difficult to ro'i, and hard 
and stiff when m the heated state J H Whiteley and 4. Bra* t hw e ii+e ^|s»o 
that the presence of small proportions of tm — even 0 06 per cent — ir n eti 1 m c trcon 
steel is Lable to impair its ductility , the harmful effect merea es rurHn- 

content, but m mild steel, 0 06 per cent had no detrimental effect The d* gree of 
brittleness produced by tm is influenced by the neat treatment E Griffiths ano 
F H Schofield studied the thermal and electrical conductivities of -c me aluminum 
bronzes contammg iron, andL Neel, the Cune points M Faradav and J S+odart, 
and R Mallet noted that allot s with tm are less corrodible tHan ire* C F Burg*#* 
and J Aston found that allots of tm and electrolytic iron lost, m grams per hq im , 
when imm ersed m 20 per cent sulphuric acid for an hour , and m kgnrs per sq 
metre per year when exposed to the weather for 162 a&ys from February to J*i „ 

Tm 0 0 288 0 342 0 686 l *>6$ per cent 

T,n«^ Acid 1300 0 284 0 250 0 386 l*m 

1X363 (Atm 0 499 0 337 0 190 0 239 0 283 

A S Russell and HAM Lyons studied the system mexeary4m*inm allo ys > 
and H Brmtzmger and F Rodis, the action of ehromous cnlor de on some tm. 

iron-bismuth alloys 

L B G de Morveau 18 stated that the load-iron alloys are formed witn d’ffie \t\ 
when the two are fused together, the} form two ailojs one above tne otrrr, t 1 ** 
lower one containing very little iron, and the upper one \ erv Ltt?e 3 ead E B ewend 
thought that he had obtained a hard, brittle, lustrous, steel gre\ a^ov w*n 3 24 
per cent of lead by reducing a slag containing iron and lead m a cruc ble hn*a w<**i 
charcoal S Rmman, and F L Sonnenschem also obtained what the} regarded 
as ferriferous lead E Isaac and G Tammann, J Percy, P Oberhoffcr, and 
G J B Karsten were unable to prepare iron lead allots because the two element 
are not miscible either m the solid or molten state, and no compounds are 
formed E K Smith and H C Aufderhaar, J E Hurst, ard W H Spence* 
and M M Walding discussed these alloys A S Russell observed that when ar 
amalgam of the two metals is oxidized, the lead is first removed, and then the 
iron, there is no sign of a compound G Tammann and W Oelsen found 
that at 400° and 1600°, lead dissolves respectively 00003 and 00u02 per cent 
of iron F Roll showed that the presence of lead promotes the formation of 
graphite m cast iron N Ageef and M Zamotonn studied the diffusion of leed m 
iron L Guillet, and W Guertler and F Menzel found that the immot ibility of 
the iron-lead and copper-lead m the binary systems persists to a large degree m 
the copper-Iead-iron alloys The cooled mixtures show two or three lav ere, the 
three consisting essentially of the three metals, each showing inclusions of the 
other two , where two layers are formed, one is iron contammg inclusions of copper 
and lead, the other consists of copper crystals m a ground of lead, although in the 
liquid state the copper is completely miscible with the iron C E Eggen*ehwiler 
studied the copper-tm4ead-iron alloys. C F Burgess and J Aston found that the 
working properties of an alloy with lead were poor , they aLo observed that alloys 
with 0 and 0 061 per cent of lead lost 1 300 grms per sq dm m each cas»e when 
immersed for an hour m 20 per cent sulphuric acid , and respectively 0 499 and 
and 0 273 kgrm per sq metre per year when exposed to the weather for 162 days 
from July to February 

The preparation of the mm-vanadnnn alloys, or ferro-iawdium, was di'-cua&ed 
m connection with vanadium — 9. 54, 3 For the occurrence of vanadium «n iron, 
mde 9 54, 2 In 1896, M K Helouis ** first made systematic tests on the use of 
vanadium steels , this was followed, in 1900, by F Werner, and J O Arnold 
who obtained the alloys by adding ferro-vanadium to the molten steel just before 
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it was teemed from the day crucible The preparation of yanadiumiron alloys 
was also described by B de Alzugaray , L J Barton, F M Becket, W F Bleecker 
and W L Morrison, R Cazaud, A P Child, A Cone, A S Cushman, J Escard 
H Fleek, H J French, P Froger, N J Gebert, G Gm, P Girod, W Guertler! 
A Haemg, A Hemzel W Hey m, G T Holloway , E Houdremont and co workers, 
R M Keene\, H B Knowlton, W L Morrison, P Muller, K Nishida, P Ober 
hoffer, W Oertel and co workers, J Ohlv, F Peters, N Petmot E Pohl, 
F Rapat/, J W Richards, B D Saklatwalla, R Scherer, E Schilling, G P Scholl, 
J K Smith S S Steinberg and P S Kusakm, 0 J Stemhart, G and E Stig, 
G Surr, and \\ Venator W R Hulbert obtained them by the thermite process 
J E Ste id observ ed that ordinary pig iron may contam up to 0 262 per cent 
of vmadium , L Blum also observed it m blast furnace slags J Laissus, 
and N Agteff and M Zamotorm dicu&bsed the diffusion of vanadium m iron 
R Vogel and G Tammann prepared alloys by the alummothermite process m a 
crucible lined with fused magnesia When an ordinary crucible was employed, 
up to 7 per cent of silicon was dissolved from the walls The f p curve falls from 
1750°, the m p of \anadium, to a minimum with 31 5 per cent of vanadium and 
then rises to the m p of iron, 1525° Except at the m inimu m, the crystallization 
intervals are considerable, and, as the alloys are homogeneous throughout, the metals 

form a complete senes of mixed crystals The 
behaviour of the alloys containing silicon is con 
Mderably more complicated , the minimum of the 
f p curve is lower, and at 1380° there is a break 
m miscibility from 55 to 90 per cent of vanadium 
In the alloys containing 20 to 52 per cent of 
\ anadium, there is a transition between 1100° 
and 1250°, the nature of which has not been 
elucidated The vanadium steels, except those 
yery nch m iron, are hard and fairly brittle, but 
can be filed and hammered The presence of 
silicon greatly increases the hardness and brittle 
ness Pure vanadium-iron alloys are acted on by 
nitric acid, but those containing silicon, only by 
hot aqua regia The results of M Oya are sum 
manzed m Fig 439, they agree with those of 
R Vogel and G Tammann M Oya also found 
that the alloys form a complete senes of solid soln , that the Appoint is rapidly 
lowered by vanadium, but that the A 2 -pomt rises rapidly to form a loop at 2 5 per 
cent vanadium The A 2 -pomt rises at first gradually, attains a maximum with 
15 per cent vanadium, falls slowly to 20 per cent , and is rapidly lowered to room 
temp with 35 per cent JAM van Liempt discussed the solid soln of the two 
elements E Maurer and co- workers observed that with 2 5 per cent of vanadium, 
the y transformation of iron disappears, and the A s and Appoints of iron meet, 
so that with over that proportion of vanadium, a- and 8-iron are identical — cf 
chromium iron alloys F Roll observed that vanadium stabilizes the cementite 
m cast iron V N Svechmkoff studied the y-ph&se 

G L Norris observed that the presence of vanadium m cast iron increased the 
transverse strength and tensile strength, and lengthened the life of locomotive 
cylinders J K Smith said that the beneficial effects of vanadium on steel are 
(l) the result of its acting as a unique scavenger m removing both oxides and nitrides, 
forming fluid and readily separable products, so that the metal is directly toughened 
W H Hatfield does not agree with this for cast iron J K Smith also attributed 
the fay ourable effects of vanadium (u) to the passage under normal conditions of a 
proportion of vanadium into solid soln with the ferrite, so that the femte is then 
more resistant to wear and to the formation of slip-bands, and it opposes the ready 
*age of carbides through it, so that vanadium steel has a tendency to be sorbitK 



Fig 


439 — Equilibrium Diagram 
of the Fe V Alloys 
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m character and p j, the direct strengthen I***: of tLe s*rel owing to i$e formation 
of comp ?rt x cvrbide^ F M Bechet, and C I* Burgo* and I Wor cL*n.**td the 
working quvhtie* of the iron vanadium <*ik\N ard 7 \i t + e X radio- 

grams F L f oonan and R Moldenke made ^ome ob*er* it < on tfce ,uflurntc 
of vanadium on cast iron md \\ H Hatfr'i corckdcd that s<M't or* of 
v anadium have a definite influence on the pn\*icai properties <»f c<» * i*%> r , r tLit 
it helps the carbon to persist m the combined *tate, bv nak ng * more e 
The combined errbon does not differ pbv«icailv fron th* n rarO le >t ci>t 
iron P Putz said that a small addition — 0 2 |>er *nt -of \ iraliucu M uth*** *o 
raise the Ar x pomt nearlv 10 , but further addition** do not rai e poirt an* 

higher, and the Ar s 2 pomt is raised proportion? 9v w+r tfce ii<rea*e in the 
percentage of vanadium A M Portevm observed tnat w«t* 1 iv ng0 2 pr 
cent of carbon, the breaks m the heating and cooling * ut \ p * an i* fnjVm 


\ anadium 

060 

0 75 

1 04 

1 54 

2 9* 

5 37 

7 31 

10 27 p* r ifti + 

Heating 

810" 

810° 

705 
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(005° 

085° 
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945" 
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Cooling 

v8HF 

810 

805 

600* 

830 
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S4U 
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(730° 

730° 

690° 

— 

— 

— 

500 

57o 

whereas with a steel with 0 8 per cent carfcor the 

results were more deinote, ben g 

Vanadium 

0 25 

060 

080 

1 15 

1 58 

2 89 

4 99 

7 85 per ten* 

Heating 

800° 

800° 

800° 

798 

785 

790* 

782 

"89~ 

Cooling 

740° 

738" 

740° 

740 

732* 

730 

720 

700 


P Nicolardot said that the V S C 2 or the V 2 C carbide i> farmed in steel, and fl * 
forms with the cementite a complex iron vanadium carbide P Putz «uppos^d tr it 
the vanadium carbide present m the vanadium steels i* \ 2n t 3 J O Arnold ara 
\ A Read stated that with steels containing as little as 0 71 per cent of van ulmr* 
vanadium replaces iron m the carbide to form a mevhiricaJ mixture of IlFe^ 
+\ 4 C S , and as the proportion of vanadium increases, more *> found w tf the 
carbide, until with 2 32 per cent of vanadium the carbde of *he ptee* i« 
2Fe 3 C+V 4 C 3 and with higher proportions of \anadimn — *&\ 5 84 per cert — 
practically all the iron of the carbide is replaced bv vanadium L Guille+ round 
that the higher the proportion of carbon, the more is the vanadium required to 
avoid the presence of pearlite The pearlite steels are hardened bv quenching a 
proportion as the vanadium-content jnses Steels containing carbide and pearLte 
are less affected Steels with carbide are dightlv softened , the carbide is never 
all dissolved, whatever be the temp of quenching As a rule, annealing softens the 
vanadium steels In the pearirtic steels containing much carbide, the carbide is 
precipitated as graphite, and m that case the steels become extremal v brittle 
Case-hardening m a pearl rtic steel may result in the production of much carbide 
M Oyas observations on the ternary system involving low- vanadium steels 
showed that the solubility of carbon in the /-phase, markedlv decreases on the 
addition of vanadium, and hence the existing range of the / phase m this svetem 
is very narrow In the region of the/-phase there exist three proeutectoid surfaces 
m which the a-phase, Fe^C and \ 4 Cj begin to separate, respectiveiv The Ap- 
point, that is, the eutectoid temperature, in the Fe-Fe^C system is raised 15° bv 
the addition of 05 per cent vanadium and remains constant on further increasing 
the vanadium The binary eutectoid reaction (y^>a-f-V 4 C 8 ) takes place m the 
temp range from 745° to about 1330° A non-variant reaction, V 4 C s -^/^FejCVa, 
takes place m the neighbourhood of the composition of about 0 5 per cent \ anadium 
and 0 9 per cent carbon The subject was studied bv E L Reed, R Vogel and 
E Martin, F Wever and W Jellmghaus, and H Hougardv C H Mathew son 
and co-workers investigated the Fe-\ -0 2 system 

Observations on the subject were made bv P Blum, J Challansonnet, 
E T Cl&rage, J W Donaldson, E 0 Fitch, W Oiesen, L Guillet, A Haenig, 
R Marechal, E Martin, G L Noma, N Petmot, A M Portevm, K Ruf, 



582 § INORGANIC AND THEORETICAL CHEMISTRY 

M Sauvageot, and D Zuege J 0 Arnold said that vanadium forms a true steel 
100 per cent pearlite, ■when 4 8 per cent of vanadium is present, and 0 83 per 
cent of carbon Vanadium pearlite has 72Fe-^V 4 C3 H Scott obser\ed that 
vanadium had no marked effect on the transformation temp of martensite to 
troostite J Challansonnet found that vanadium hindered the graphitization of 
steel — tide nickel- vanadium steels E Piwowarskv, A Campion, J W Donaldson, 
H Sawamura, and J E Hurst studied the effect of vanadium m cast iron 

A Osawa and S Ova represented the relation between the lattice parameter, 
a A , and the percentage of vanadium, [V], m iron vanadium alloys b\ a=2 852 
+0 000614jV]+0 0000131 T] 2 Z Nishivama found the lattice parameter, o, 
the sp gr , and the elastic modulus, E kgrms per sq cm , at 15 1° to 15 3°, to be * 

V 01234678 per cent 

« 2 857 2 860 — 2 866 2 868 — 2 871 A 

Sp gr 7 8548 7 8602 7 7990 7 7905 7 7617 7 720b — 

E X l<r f 2 162 2 127 2 151 2 142 2 130 2 093 — 


Observations were also made bv F Wever and T 7 Jellmghaus, who found 

\ artadium 0 13 4 28 b 38 4 47 8 63 6 79 8 100 per cent 

«X 10* cm 2 860 2 865 2 875 2 88 2 89 2 925 2 955 3 04 


K Ruf measured the sp gr of iron vanadium alloys W H Hatfield gave for 
alloys with combined carbon 2 9 per cent , 0 66 Si, 0 28 Mn, 0 03 S, 0 08 P, and 


\ anadium 


Hardness 


( Brmell s 
IScleroscopic 


0 0 138 0 22 0 45 0 65 per cent 

387 418 430 418 430 

48 48 48 47 48 


G W Quick and L Jordan recommend these steels for the balls m Brmell s 
test for hardness G Tammann and V Caglioti studied the recovery of the hard- 
ness after cold work L Guillet observed that the pearlitic steels have a tensile 
strength and an elastic limit which rise rapidly with the percentage of vanadium , 
the elongation and reduction of area slowly decrease, while still preserving rela- 
tivelv high values , the brittleness does not mcrease , but the hardness increases 
rapidh The tensile strength and elastic limit of steels containing pearlite and 
carbide are lower as the proportion of vanadium is lower, and, m consequence, of 
the carbide, are higher The elongation and reduction of area mcrease, but the 
resistance to shock decreases rapidly The mechamcal properties of steels con 
taming carbide varv but little with their composition The tensile strengths and 
elastic limits are low , the elongations and reduction of area are high, but the pro 
ducts are brittle These results were discussed hy G Auchy, M Ballay, J Baxeres, 
P Blum, H M Boylston, A L Colbv, E F Cone, E 0 Fitch, H Fleek, 
R C Good, R Hohage and A Grutzner, W A Johnson, W Kahlbaum and 
co-workers, 0 von Keil and F Ebert, M Kinkead, A B Kmzel and C 0 Burgess, 
E Kothny, R W Moffatt, I Musatti and G Calbiam, A L Norbury, W Oertel 
and F Polzguter, P Promper and E Pohl, A Rys, E B Saklatwalla 
co-workers, E K Smith and H 0 Aufderhaar, H P Smith, J K Smith, 
BED Stafford, J Strauss and G L Norris, K Tamgnchi, J L Uhler, 
M Vasvan, and F Werner Z Nishiyama’s results for the elastic modulus are 
indicated above J 0 Arnold and A A Read oljtamed the results indicated 
m Table LXV C L Clark and A E White measured the influence of temp 
on the tensile strength E Piwowarsky said that vanadium increases the resist- 
ance of iron to shock According to F Rohm, the resistance of the vanadium 
steels to crashing is very high so long as the formation of double carbide does not 
occur The resistance to crushing of carbon-vanadium steels, like their hardness, 
is sharply accentuated bv slight additions of vanadium Near 1000°, the crushing 
strength of & steel with 0 8 per cent of carbon and 0 2 to 1 5 per cent of vanadium 
is rather low E Piwowarsky observed that the addition of silicon increases the 
amount of combined carbon, and this influence is greater when the silicon is low 
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R M Moffatt found that vanadium ^tec 1 r**+v £ L*ve a greyer re* tame to 
impact than stra ght carton ste^I ca^trj^, tu>v are J«i> tourrcr -i^d mere 
ductile 

Tvble h\\ — AltcHwn vl Trvr> >\ Usn ' 
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1< <» 

a * 

1 1 


K Ruf measured the thermal expansion K tween 0 2'i< ^ * h id* i *t a 4 

allovs with over 6 per cent of vanadium show ro mvked i oTmo’v i * > tl *1 
expansion at higher temp K Ruf measured the ^p stance l* r 4 'e 
electric force against platmum Observations were also ^ue f>v R T 1 
E F Lake P Putz, A WcM illrnn ard E J Bne^ J K MV' HR **nke, 
and J K Smith, M K Helouis, W Giesen A W Pcr*e^ in, R H^' ag* and 
4 Grutzner, E Maurer, A Campion and R MohhrLe G Td m*a ^<1 
\ Caghoti discussed the recovery of resistance *ifter cold-wor* 4 M Por*e 
found that the addition of 1 per cent vanadium riiSed the e e' t r *esi*tarre of 
iron 6 7 microhms per cm cube , and with *tee*s rontaming 0 I *o a ^*u+ 0 2 ver 
cent of carbon — normal and hardened bv quenching from to 2C -» a I the 
following values for the electncal resistance, R microhms per ^ c 


\ anadium 

060 

0 75 

104 

r 154 

2 9$ 

5 37 

7 30 per > i ** 

p j Normal 

K 1 Hardened 

14 0 

15 1 

16 2 

18 8 

30 1 

31 7 

3h6 

15 7 

19 9 

21 7 

21 9 

318 

31 6 

3b 4 

and with steels having about 0 8 per cent 

carbon 




\ anadium 

0 25 

080 

1 15 

2 89 

499 

783 

10 25ptr r ent 

n (Normal 

1 Hardened 

21 4 

22 4 

19 3 

225 

209 

37 5 

If 7 2 

38 2 

42 6 

315 

31 8 

27 6 

37 5 

IT 0 


G Mars stated that from the general behaviour of vanadium steeis, the pre©e^ce 
of vanadium confers no special advantages m the use for permanent magnets at j 
is not likelv to have a stronger remanence than 
normal steel J Challansonnet found vanadium 
lowered the Chine point F We ver and W Jellmg 
haus obtained the two magnetization curves for 
alkty s with 29 5 per cent V, and 33 5 per cent V 
(Fig 440, dotted) J J Lonsdale observed that 
the coercive force of vanadium steel is increased 
when it has been heated above its critical temp , 
and when it has been annealed and quenched 
The permeability is lower than that of other steels 
containing the same amount of carbon, but the 
hysteresis and coercive force are greater 

L Kirschield measured the hydrogen absorbed 
by the ferrovanadium alloys Alloy I had 9 1 per 
cent of vanadium and 007 per cent of carbon, II had 22 0 per cent of 
vanadium and 056 per cent of carbon. III had 709 per cent of vanadium 
Values for Fe, iron, and V, vanadium, are also indicated m the isothermal and 
isobanc (about 760 mm ) curves, Figs 441 and 442 The absorption increases 
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Fig 440 — Magnetix&t on CVrv es 
of Iron 5 aradiom Altov s 
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as the proportion of vanadium increases, but is alwa\s less than the value 
calculated by the mixture rule The isobars for 9 and 22 per cent of vanadium 
show minima at 700° to 800°, but with 71 per cent of vanadium, the minimum 

cc absorbed per gram metal M 



Fig 441 — The Effect of Pressure on 
the Absorption of Hydrogen Tem 
perature Constant 


Fig 442 — The Effect of Temperature 
on the Absorption of Hydrogen 
Pressure Constant 


disappears, and the isobar approximates to that for vanadium alone The 
isotherms of the alloys assume the parabolic form at a higher temp According to 

G Tammann and G Siebel, the thickness of the air 
films, yjjifjL, is represented by £=a(e 6y — 1), where a and 
b are constants, t represents the time There is a dis 
continuity m the curves connected with the transfor- 
mation of a- into y-iron Some of L Kirschfeld and 
A Sieverts’ results are shown in Fig 443 L B Pfeil 
observed that when vanadium steel is heated at about 
1000° for many hours in air, the three-layer scale which 
is formed — mde supra — has a concentration of vana- 
dium m the innermost layer, and only small amounts 
occur m the middle and outer layers G Tam- 
mann and G Siebel studied the oxidation or temper 
colours of vanadium steels Vanadium steels ought 
to be more acid-resistant than ordinary steels because 
vanadium carbide is not readily attacked by acids 
L Aitchison found that the corrosion of vanadium 
steels represented by the loss m weight per 100 sq 
cms after exposure in the dark to 3 per cent sodium 
chloride soln and 1 per cent sulphuric acid for 77 
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Fig 443 — The Adsorption 
of Hydrogen by Iron Van 
adium Alloys 
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H Endo s results, su mm a r ized in Fig 444, show the losses in grams per sq cm , 
during 5 hrs * action, at ordinary temp , with alloys containing 0 54 to 0 66 per 
cent of carbon, and 
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A B Kmzel, and L Guillet studied the action A ni+r* gen si A M W vr.Ur i <1 
B Janneret the action of phosphoric ac d and H I Frwir> tLe «»ton *»f 
hvdrogen sulphide and other corrosi\e agenda 
and X T^chie^chew^kv and X Bhnoff the action 
of nitrogen The general u«es of \ anadium *teeX 
were diseased b\ E F Lake, P Girod, P Breuil, 

T A Mathews, 0 M Becker, H R Sanke\ and 
J K Smith, M Dierfeld, H Fleek, G G Black 
well, E Lieveme, and J Ohh , and ferrovana 
dium as a catalyst, b\ I E Adaduroff and 
G K BoreskofE E Piwowarsky, and J fhtl 
Iansonnet studied the titamnm-yanadium-iron 
alloys 

J G Gahn and J J Berzelius -0 obtamed 
a tantalum-iron alloy by heating a mixture of 
tantaiic oxide and iron filings m a charcoal 
crucible The product is hard, and scratches 
glass Hydrochloric acid slowly extracts the iron, leaving the tantalum Lc^ni 
Alloys were described by W Heym, G T Hol 1 owa\ , ^ Guertler, H J Frencu 
and T G Digges, and F C Kelley J Laissus discussed the diffusion of *ant tlum 
m iron A M Portevm found that the tantalum steeK are pevrlVic and 
that the effect of tantalum on the shearing tests is small The v dues fo r res’d 
ance to shear, tensile strength, etc , in Table LXVI are expressed in ki^ram* per 
sq mm L Guillet obtained the results indicated m Table LX\ II The allovs were 
described by 0 J Stemhart and P Breuil 4 M Portevm observed t^at the 
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Table LX\ t — The Mechanical PsoPEBTiEb of Tantalum Steels 


Percentage compo&ition 

j 

Resistance* 
to shear 

Elastic 
limit 
shearing 
(fegrms ) 

j tontrac 
turn on 
shearing 
(per cent 

Tersue 
strength 
(kgrzx» ' 

h a^tic 

1a m* 
ifcgnat. ) 

, Red^H 
of ar°a 
tptr cent 

t 

Si 

Mn 

Ta 

1 

0 120 

0 190 

009 

21 1 

84 

21 

, 415 

29 8 

87 4 


0 190 

0 160 

0 15 

215 

92 

18 

42 6 

304 

888 


1 0 240 

0 220 i 

0 60 

21 5 1 

10O 

19 

, 45 3 

31 I 

67 4 

IjllSj 

0 ICO 

0 230 i 

105 

23 2 

10 0 

j 20 

47 8 

315 

62 3 


Table LX VII — The Mechanical Properties of Tantallm Steels 


Percentage composition 

State 1 

1 

Elastic limit 
(fcgnns 
per sq nun » | 

i 

Tensile 
strength 
(kgrms 
persq mm) 

Elongation 

(percent' 

Redact on 
of ana 
per cent ) 

BnneSa 

hardness 

c 1 

1 

i 

la I 

012 ! 

0 09 
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" 1 

41 5 1 

: ~ 

! 530 

67 4 

107 
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Hardened | 

46 2 j 

65 0 3 

145 
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169 

017 1 

0 15 

Normal 

1 304 

42 6 

1 310 | 

i 888 

107 

1 


Hardened 

| 457 j 

62 1 i 

1 15 0 ! 

! 73 1 

1 163 

018 

000 

Normal 

| 311 

4o 3 

f 28 0 

1 67 4 

1 112 
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Hardened | 
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65 8 < 

13 0 

! 74 9 

1 155 

016 ! 

1 05 

Normal 

31 5 

47 8 I 

280 

82 3 

1 lib 

1 


Hardened j 

[ 491 

700 1 

10 0 

55 8 

, 109 


1 » 1 L 
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electrical resistance of steel is very little affected by the addition of up to 1-05 
per cent of tantalum M Farada} and J Stodart 21 G T Hollowav, and 
R Mallet noted that columbmm-iron alloys are less corrodible than iron 

M Faraday and J Stodart, 22 m their experiments on the alloys formed by 
different metals with iron, prepared some chromium-iron alloys They found 
that an alio} with about 2 9 per cent of chromium was as malleable as iron, and 
exhibited a damasked surface Some of these alloys were examined by R A Had- 
field W Sowerby said that m the southern part of India, the celebrated hog 
spears and Lnrves made by Anachelan of Salem, Madras, were manufactured from 
the chrome iron stone found m the district J E Stead observed that ordinary 
steel, and iron may contain up to 0 120 per cent of chromium The work, Sur les 
aUiages du chrome atec lefer et avee l acier, was taken up by P Berthier, who stated 
that the two metals could be alloved m all proportions , that the alloys were very 
hard, brittle, and crvstalline, and that the} were a greyer and brighter white, 
less fusible, less magnetic, and less easily attacked by acids than iron alone 
E Frenrv also prepared an alio} by heating a mixture of chromic oxide and iron 
m a blast furnace, and said that the allov frequently crystallizes m long needles, 
and that it resembles cast iron but scratches the hardest bodies, even hardened 
steel R Mushet used a similar mode of preparation J Percy also reported the 
alloys to be formed by heating a mixture of haematite and chromic oxide, in a 
charcoal-lmed crucible, filled up with charcoal powder, and heated to whiteness 
for a couple of hours Patents were obtained by J Bauer m 1865-1869, A Parkes 
m 1870 , and H Biermann wrote on the subject m 1873 , and, according to 
A Brustlem, chrome steel was manufactured at Umeux, Loire, m 1877 The 
ferrochromium of J Bauer was obtained by heatmg a mixture of powdered chromite, 
and charcoal or anthracite along with a flux containing calcium or sodium fluoride, 
lime, and borax, in a plumbago crucible at a high temp S Kem also prepared 
it by meltmg chromite and charcoal m a plumbago crucible , and E Heroult, by 
heatmg chrome ore with fluxes m an electric furnace W Borchers recommended 
the following process 

In preparing ferrochromium, the ore is first mixed with the following substances 
charcoal 12 to 15 per cent , resin or puhenzed pitch, 6 to 7 per cent , glass scrap 5 per 
cent and quartz sand 10 to 12 per cent An intimate mixture is desirable and can be 
best secured by piling the ingredients in a heap, each forming a separate layer and then 
remov mg m vertical sections to form a new heap After repeating this process several 
times the mass will ha\e a uniform appearance The ore is then fused m a graphite, or 
strong claj crucible, the bottom of which is covered with a t hin layer of fine glass and 
coarse charcoal The cover of the crucible is sealed with clay only a small opening should 
be left for the escape of gases The ore can be reduced by a crucible furnace with good 
draught, but to melt the metal a gas regenerative furnace will be required Where a 
Siemens furnace for crucible steel is at hand this may be employ ed to advantage for smelting 
ferrochromium 

W R Hulberfc obtained the alloys by tbe thermite process The preparation of 
ferrochromium was described by W B Ballantme, F M Becket, H Behrens and 
A R van Lmge, G Benedicks, W Borchers and R W Stimson, H Brearley, 
A Brustlem, T H Burnham, R Calberla, H C H Carpenter, F Cirkel, 
A W Clement, J Escard, G Gm, P Girod, M A Grossmann, W B Hamilton 
and T A Evans, J Hebert, W Heym, E Houdremont, F Hutte, R M Keeney, 
R S Kerns, Firma Krupp, S Meumer, H H Meyer, P Monnartz, P Ober- 
hoffer, F R Palmer, D St Pierre du Bose, H D Phillips, Y S Polansky, 
J W Richards, W R Saltnck, G P Scholl, E J Shackleford and W B D Penm 
man, H C Sicard, F T Sisco, J K Smith, S S Steinberg and P S Kusakrn, 
0 J Stemhart, G Surr, C Tama, W Venator, R Waddell, H Wedding, and 
R S Wile , G Fuseya and K Sasaki studied the electro deposition of chromium 
iron alloys F P Z unmerli compiled a bibliography on chromium steels 

N Ageeff and M Zamotonn, J Laassus, W van Drunen, and F C Kelley studied 
the diffusion of chromium in iron G Grube and W von Fleischbem showed that 
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when a rod of iron is surrounded with powdered chromium and Le ited n h * drogen, 
the chromium contert of the surface layer cf the i T% on and tne depth of peuttntion 
of the chromium increase with rising temp and m reusing duration cf heat ng 
Thus 



24 hrs 

72 hr* 


I r« 

{surface layer 

y 3 

28 4 

43 3 

4~ 4 

Penetration 

0 3 

1 7 

— 



the composition is then constant for a depth of uxut u 3 t ai uA p^oUbl} 
represents the solubility of chromium m iron at ~e\ e-al * Tut , hiommm 
content of a rod does not dimmish uniform] \ w*t* i ere*. nc d*p*b and the 
diffusion eoeff is therefore different at different T*e tidL'i o* layer 

consists of mixed crystals of iron and chromium arranged ’nbtd 1 Ii«su» 
studied the cementation of iron b\ chromium 

According to R A Hadfield, unlike aluminium or m d<*ts W 

confer soundness on steel When the proportion of carbon i^ mgb i*\ p*g 
irons sound mgots free from honeycombs may be obtained, bat an ai’o\ w* + h 
1 35 per cent of chromium and 028 per cent of carbon rc*e h«uL* *n the 
moulds Aluminium does not act so powerfully with low carbon < Lronuiun 
steels as it does with carbon steels Alloys with more tfcan 11 13 ner eert 
of chro m iu m , and 1 27 per cent of carbon were not forgeable, but w/th. ie*s 
chromium the steels could be forged If less carbon was present probabiv 
with higher proportions of chromium would be forgeable Chrommm i« iot 
favourable to welding, for, as A Brustlem also showed, a comparatively sma'l 
proportion of chromium interferes with the welding It may be possible to fa&e 
chromium and attach it to steel or to wrought iron, bat + ne ordmarv j rocesg 
of welding two bars together is not possible F Reiser si*d that an n”uv w^li 
0 2 per cent of chromium is unstated for puddling C F Burge- s and J Won 
discussed the working qualities of the alloys 

In the study of the thermal diagram, W Treitschke ana 6 Tunmannotstned 
that the f p curve consists of a number of irregular bends, md they suggested 
that the results can be explained by assuming that 
a compound is formed which is completely miscible 
m the solid state with its components P Mon 
nartz supposed that the compound formed is iron 
dichromide, FeCr 2 , and that it shows as a maxi 
mum on the f p curve with 66 per cent of chro- 
mium K Bomemann discussed the subject 
and E Janecke stated that the conclusions of 
W Treitschke and G Tammann are wrong because 
of the presence of aluminium m their allots He 
said that there is a single eutectic which can 
form mixed crystals with either component The 
eutectic is at 1320°, and 75 per cent of chro- 
mium , and the limit over which the mixed crystals can form, is 55 to 85 per 
cent of chromium K Fischbeck represented the iron-chromium system as 
having two eutectics — Fig 445 — and a maximum corresponding with iron henn- 
chromide, Fe 2 Cr These different conclusions all show that there is something 
yet to learn about this system 

E Pakulla, A von Yegesack, and T Murakami inclined to the h\ pothesib that 
the two metals form solid soln in all proportions , and that the apparent eutectics 
are due to the lack of diffusion d uring solidification which results m solid soln 
differing in concentration Thus, a dark etching portion showed a marked 
diminution m quantity on annealing at 1100° for 2 hrs , and it was inferred that a 
prolonged anne aling would render the structure homogeneous A von Yegesack 
said that chromium and iron form a continuous senes of solid soln The up of 
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iron is depressed to a minimum of 1490° by the addition of up to 28 per cent of 
chromium, and it then rises to over 1700°, the m p of chromium The lower values 
for the m p of chromium are due to the presence of carbon A Westgren and 
co workers also found that the lattice dimensions varj contmuously with composi 
tion m agreement with the observ at ion that a iron and chromium have the same 

frvpe of lattice P Oberhoffer and H Esser 

>onA represent the equilibrium curves by Fig 446 

T Murakami showed that the A 2 - and 
A 3 transformation pomts are lowered by chro 
mium, and E Pakulla and P Oberhoffer 
obtained similar results A B Kinzel found 
that the chromium-iron austenite loop runs 
from 0 to 12 2 per cent of chromium , its 
upper boundary runs from J40Q° to 900°, and 
its lower boundary from 900* and 0 per cent 
of chromium to 900° with 12 per cent of 
jqq chromium 

Fkr cent chmmtum The equilibrium diagrams for the chro 

Fig 446 -Eqtuhbnum Diagram of tton carbide have been previoudy 

the Iron Chromium Allots indicated 5 39, 19, Fig 29, and 5 39, 20, 

Fig 31 The diagram for the ternary system 
Fe-Cr-C, has not been completed , only a few limited areas have been partially 
explored P Goerens and A Stadeler found that the solidification temp of 
iron remains practically constant at about 1130° when chromium is present 
to the extent of 10 4 per cent , but with higher proportions of chromium, the 
solidification temp rises rapidl}, attaining 1535° with 62 per cent of chromium 
With up to 21 per cent of chromium, the carbide inversion remained at about 700° 
to 715°, and with higher proportions it could not be observed The following is a 
selection from the results 


C 

Cr 

Fp 

A x arrest 


40 42 

00 12 
1130° 1126° 
711° 709° 


9 2 per cent 
62 0 „ 
1535° 
ml 


E D Campbell and J F Ross, H Nienhaus,F Adcock, F WeverandW Jelling- 
haus, E Fnemann and F Sauerwald, T Murakami, T F Russell, N H Aail, 
J H Andrew and H A Dickie, T Ease, F Wever and W Jellmghaus, and 
P Oberhoffer and K Daeves made observations on the effect of chromium on 
the eutectic and eutectoid pomts of the carbon-iron system A B Kinzel said 
that the austenite loop m the iron-chromium system ends with 12 37 per cent 
of chromium J H G Monypenny measured the solubility curves of cementite , 
with the higher proportions of chromium, the cementite network does not dissolve 
until the pearlite carbide is dissolved , and the carbide dissolves rapidly above 
1050° to 1100° The cementite and carbide appear to dissolve simultaneously 
with the 1 36 and 2 8 per cent chromium steels, indicating a possible difference 
m the two carbides C R Austin found that for alloys having a chromium-iron 
ratio from 1 20 to 1 5, the addition of chromium up to 15 per cent has 
relatively little effect on the amount of carbon m the eutectic, while with 20 per 
cent of chromium, the eutectic has a little less than 4 per cent carbon There 
is no definite break on the curves other than the eutectic untjl the amount of 
chromium reaches 20 per cent , when there is a break with about 1 3 per cent 
carbon There is evidence of a mfmmnm on the carbon side of the eutectic 
With allots having 30 to 50 per cent chromium, the addition of carbon up to about 
2 5 per cent lowers the f p of the alloys linearly with increasing carbon , and the 
amount of carbon in the eutectics is nearly the same m all these cases K Fischbeck 
represented the data as a quaternary system involving the four phases Fe, Cr, 
FejC, and CrsCg With steel, F Osmond observed that chromium lowers the 
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beginning of the \ 3 tramdormation, and rai^ejs the end ot t*e t ^information, 
while the action of chromium on the A 2 tran«forma + iOn 1(5 not nq + icmt>V & Curie 
found that the transformation* occur at a burner temp w cb^om rr *te*I* *han 
■with ordinary steels H C H Carpenter obtain el + he folium lrg results for the 
change points of the carbide with chromium steeb 


Carbon 

Chromium 

Cock'd frt’n 
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1 12 
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0 27 

3 24 

MJo 

73* 



1127 




1250 

721 

1 09 
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Hence, it was concluded that chromium tended to raise **ie Cirhuif change pomt 
so that if 700° be taken as the change-point for carbon ^teeK «■* e c » *ir ge poTt** 
rose respectrveh to 729°, 738°, and 776° on cooling from about 900 as *he propor- 
tion of chromium was increased Again, although when tool nc from progress f h 
higher temp , the change-point was lowered onlv a little, n dicatmg that chromium 
tended to raise the carbide change point, the temp from which the ^teel was 
cooled had no great influence on that point C A Edwards and co workers ftund 
for the carbide transformation on heating, Ac 1} and cool mg Ar 2 

Cr 

C 0 35 per cent 

Cr 

CIO per cent 

H Moore observed that the position of the Ac* transformation is progress eh 
raised b } additions of chromium from 746° with a steel containing 0 25 per cent 
of chromium, to 821° when 6 417 per cent of chromium is present With steels 
having about 3 per cent of chromium another critical point occurs below the 
Ac x point, and magnetic observations show that it is the Ac 2 pom* The occur 
rence of the Ac 2 point below Ac* is taken to support the hypothesis that the carbide 
formed is insoluble m jS iron A McWilliam and E J Barnes observed the critical 
temp shown m Table LXVIII with steels containing 2 per cent of chromium 
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Table LXVIII — The Critical Temperatures of 2 Per Cent Chromium 
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1 
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A B Kinzel stated that the A*- arrest is gradual!} lowered from 1400° to 1250° with 
the addition of 10 per cent chro mium, and with 12 25 per cent chromium, the A4- 
and Ag-arrests coincide , the Ag-arrest is not changed With 12 37 per cent of 
chromium, the transformation could not be observed, and the austenitic loop ends 
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at this point A B Krnzei also found that the addition of up to 4 per cent of 
chromium gradually lowers the A 4 transformation from 1400° to 1250° , and with 
higher proportions of chromium, the lowering is more abrupt, so that with 12 25 
per cent , the A 4 - and A 3 -arrests comcide The A 3 -arrest is not affected 

Fig 447 represents a portion of the standard iron-carbon diagram — vide Fig 31, 
5 39, 20 — which changes very little with a small proportion of chromium The 
area A 4 BM represents a region of mixed austenite and 8 iron , and the area A i SP 1 
a region of mixed austenite and a iron — the term 8 iron is used to indicate 
material that has been heated abo\e the A 4 -arrest, m contrast to a-iron, ie a 


material which has been transformed from austenite by coolmg through the 
transformation temp at the proper rate Both 8 iron and a-iron crystallize m 
a body-centred cubic lattice, and the y->8 transformation is a reversion of the 
a transformation, and P Oberhoffer found that m the re crystallization of 
the iron-silicon alloys, the A 2 - and A 3 arrests approach one another with increasing 
percentages of silicon, and comcide with 2 5 per cent silicon This was confirmed 
by P Oberhoffer and C Kreutzer A Westgren and G Phragmen’s X-radiograms 
confirm this E C Bam inferred that a similar phenomenon occurs with the iron 
chromium alloys, and this was confirmed by A Westgren and co workers In 
the complete absence of carbon, the y change disappears completely when enough 

alloying element is present Smce A Westgren and 
G Phragmen have shown that chromium crystallizes 
only in one smgle type of lattice, it follows that the 
y range should be limited to alloys rich m iron, and 
E 0 Bam showed that this occurs when about 14 
per cent of chromium is present , P Oberhoffer and 
C Kreutzer gave 12 62 per cent of chromium with 
001 per cent of carbon, and F Stablem, 18 per 
cent of chromium with 0 03 per cent of carbon 
As chromium is added to the iron, there is a slight 
rise m the A 3 -pomt, and a sharp drop in the Appoint 
•until, with about 14 per cent of chromium the two 
points meet, and beyond that there is no transfer 
mation to y iron Hence, when carbonless iron 
chromium alloys containing over 14 per cent of 
chromium are heated to a high temp , the a-iron 
remains as such When carbon is present, M A Groes- 
mann showed that the conditions are very different 
The results can be represented on a ternary diagram, Fig 447 A von Vegesack 
also observ ed that the transformation point of y to a-iron is lowered by the addition 
of chromium, and cannot be observed when over 15 per cent of chromium is 
present P Oberhoffer and H Esser gave 14 77 per cent as the limit at which 
y-Fe can be no longer observed This agrees with G Kreutzer’ s observations of 
the Xrradiograms The effect of chromium on the a->y- and the y~> 3 -transf orma 
tions could not be observed because of the volatilization of the chromium , but 
the a phase passes directly into the 8 phase when over 15 per cent of chromium 
is present J A Jones, J P Gill, A Michel and P Benazet, L R Austin, 
L J Barton, E Janecke, T Murakami and Y Fujii, E L Reed, W Haufe, 
J E Johnson, A Merz, E Maurer and co workers, Y N Knvobok and M A Gross 
mann, H F Moore, and P Oberhoffer and C Kreutzer, discussed the range of 
the Aci arrest , H Moore, the Aa-arrest , and V N S’vechmkoff, the y phase 
F Osmond concluded that chromium exists m steel m at least three states — 
separately or simultaneously ( 1 ) as dissolved chromium , (n) as a complex com- 
pound of chromium, iron, and carbon m the form of isolated globules , and (in) 
as a solid soln with the ternary complex The triple complex is very hard, and 
when incorporated with a more malleable matrix, it naturally communicates 
to it a certain degree of hardness The chromium and iron carbides have been 
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previou^h discussed H Behrens and 4 R \aii Lmge reported that a non- 
magnetic crystalline complex iron chromium carbide, ( rj?e 7 t 3 is obtained aa a 
residue b\ treating ferrochromium with 13 3 per ter* "chromium and 55 per 
cent carbon with acid , whde a 50 per cent on chron 11 in alloy With acid 
yields IxjFeC? A Carnot and E Goutal o darnel re» lues cr rrespondmg with 
Fe 3 C 3Cr s C 2 > and 3Fe 3 CCr 3 C 2 from two enronrum *tee^3 , P Willems obtamed 
3Fe s C 2Cr 3 C 2 by heatmg a mixture of chromic ox de iron pc trole urn *.oke 
in an electric furnace, while J 0 Arnold and 4 A ccne* xed th^ the 

carbides m chromium steel — with carton 0 34 *o per tent , and chromium 
0 65 to 23 7 per cent — \ aned with the composition Tnu* th re^d re^na u ag 
after the acid treatment of alloy & with nearly 0 S5 jer <en f cvhs 1 * l >nv*porfted 
with the mol ratios Fe 3 C Cr 3 C 2 Cr 4 C 

C 0 64 0 84 0 835 0 So 0 88 0 to ft m ptr f*ii* 

Cr 0b5 0 98 4 97 10 15 15 02 19 46 23 7-1 , 

Ratios 20 1 0 12 1 0411 1 1 1 2 0 1 2 0 1 2 J 1 

and T Murakami inferred that the a-carbide is (Fe 3 C) le ( rj * , the & cach'd© *a 
(Fe 3 C)yCr 4 C , and the y carbide is (Fe 3 C)Cr 4 C He suppesta the 'ower ng or 
suppression of the carbide change m low chromium steels canned by a solved 
chromium Abo\e the Ac x pomt, the carbide Cr 4 C d*asohes m austenite, and bj 
heatmg it to a suitable temp , it dissociates 2Cr 4 C^Cr 3 (VJ~5Cr High + emp 
favour the constituents on the right During cooling, re conubm to form 
Cr 4 C proceeds onl} slowl} , and therefore, m allots containing Cr 4 l the carbide 
change is lowered by the normal cooling from a hign temp , by tne retarding action 
of the dibsohed chromium The hardness of chromium steel is attri»u+©4 to f he 
solid soln of the carbide Cr 3 C 2 m a soln of chromium m iron The subject was 
discussed by P Oberhofier, and F Rapatz H C Bo\ at on found that the pearlite 
mal per cent chromium steel is seven times harder than t hat of erd car} steel, 
but the femte was about the same m both ca^es, and it was nence assumed at 
least 1 per cent of the chromium is in the form of carbide 0 A Edwards 
and co workers assumed that m the teraan system, there ib a region I contain- 
ing FejC+CFesCjGrgCsj+Fe, and that as the proportion of chromium increases, 
the mols of FegC will be all used up m forming the double carbide, Fe 3 C Cr 3 C 2 , 
that is, FeCrC , and there appears region II, containing the double carbide, some 
unknown chromium carbide, sa} , Cr 5 C 2 , along with a soLd soln ot iron and chromium 
with steels containing still less carbon , and there remains a region III, with 
chromium carbide along with a solid soln of chromium and iron T F Rubfieils 
experiments also indicate that FeCrC is the onl} double carbide formed , and he 
concludes tentatively, from measuremento of the electrical resistance, that when 
chromium is added to a plain carbon steel, the chromium first associates itself with 
the iron carbide until the mol ratio of chromium to carbon is 4 3, corresponding 
with FeCrC, and probably only a small proportion of chromium goes with the 
femte to form a solid soln —chromoferrUe With further additions of chromium, 
the bulk goes into solid soln with the iron, and raises the electrical resistance This 
agrees with the observations of C A Edwards and A L Norburj Ey en wnen the 

ratio Cr C exceeds 4 3 1, some of the chromium is associated with the carbide, 
as indicated by obsery ations of J 0 Arnold and A A Read, etc , to form another 
carbide with a higher proportion of chromium, but T F Russell considers that this 
chromium is either earned down mechanically , or else is m solid soln with the 
carbide M A Grossmann found that the carbon m a high chromium iron is not 
distributed uniformly after heat treatment The subject was studied by A Carnot 
and E Goutal, T Meierlmg and W Denecke, W E Remmers, F Sauerwald and 
co-workers, E L Henderson, 0 Small©}, E \alenta, and H W entrap and 
W Stenger F Roll showed that chromium stabilizes the cementite in cast non, 
and the subject was investigated by J W Donald&on, T F Jennings, H Sawa- 
mura, and T Isihara 
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K Daeves found that the solubility falls off rapidly at first as the chromium 
content increases, then more slowly , the general form of the curve being hyperbolic 
Points on the curve were determined by observing what chromium content was 
necessary, with a grven carbon content, to cause the appearance of a eutectic m the 
structure of the metal To make the hard alloys workable, for the preparation of 
polished surfaces, it was necessary to heat for several hours at 800°, just below the 
Ac r point, by which treatment the solid soln was broken up and the metal softened 
Etching was accomplished b> electrolysis in ammonium persulphate soln In 
eutectoid alloys, the cementite is practically unattacked by hot sodium picrate 
soln Cold alkaline potassium femcyanide turns the hard constituent of the 
eutectic brown to y ellow, leaving the mixed crystals untouched The solubility 
curve explains many of the known properties of chromium steels The melting 
point of steel and the arrest points are little affected by chromium up to 10 per cent 
About a dozen complex carbides ha\e been reported, and m no particular case has 
its existence as a chemical individual been established, although the existence of 
FeCrC is highly probable H Brearley added that after numerous and fruitless 
attempts he had learned to distrust evidence based on the chemical analysis of 
residues employed to establish the existence of compounds which can he distm 
guished microscopically in steel By means of X radiograms, A Westgren and 
co-workers found that the Cr s C 2 carbide crystallizes m the rhombic system, and 
the elementary parallelopiped has 20 atoms, and the dimensions a 2 =2 8121 A 
02=5 52 A , and 03=1 1 46 4 The carbide usually given as Cr 5 C 2 is considered 
to be Or 7 C 8 It is trigonal, and the elementary prism contains 80 atoms, and it 
has the dimensions — edge of base, 13 98 A , and height, 4 523 Another carbide 
Cr 4 C, chromium tetritacarbide, has a face centred cubic lattice with 120 atoms and 
side, a=10 638 A 

L Quillet found that quenching acts upon chromium steels in the same manner 
as it does on carbon steels, but with a far greater intensity, for the increase in 
tensile strength and elastic limit are much greater than with ordinary steels 
containing the same proportion of carbon The martensitic steels are but little 
altered by quenching, while those uchest in chromium are slightly softened 
The troostite steels are hardened by quenching Steels containing carbides are 
slightly softened by quenching from 850° without undergoing any alteration m their 
structure , quenching from 1200° has the effect of partially dissolving the double 
carbide and of producing y iron, while the hardness and brittleness are reduced 
Annealing slightly softens all chromium steels With steels containing carbide, 
annealing produces an increase in the gram size, while m steels containing much 
chromium, an eutectoid carbide appears to be formed The subject was studied by 
T Murakami and co-workers, E C Bam, E Houdremont, A M Porte vm, 
K Daeves, and D Uno J H G Monypenny emphasized that the change with 
increasing amounts of chromium are all continuous, and there are no abrupt changes 
which can be represented sharply by boundary curves L Guillet found certain 
steels are austenitic when quenched from high temp , and J H G Monypenny 
found that high carbon chromium steels, when quenched from a sufficiently high 
temp , are almost wholly austenitic The proportion of carbon required varies with 
the proportion of chro mium , being lower as the latter is higher The region between 
the lines, Fig 447, represents a mixture of the two If the austenitic steel be 
tempered at 450°, the apparent drop m hardness is due to the presence of some mar- 
tensite in the untempered sample , at 450°, there is an incipient decomposition of 
the austenite , at 600°, the hardness is a maximum, and the structure is martensite 
with a network of troostite , at 700°, the martensite is broken down, and the hard- 
ness drops considerably , while at 750°-800°, the carbide balls up The austenite 
can be transformed into martensite by press By slow cooling, it can be shown that 
the martensite is a transition product between austenite and pearlite, and it is 
obtained by a slower rate of cooling than is needed for austenite The sequence 
of changes from austenite is martensite->troostite->carbide W Giesen said that 
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steels low in chromium are pearhtic , and with med um chromium, marten 8 it ic , 
and that high-chromium steels, etched with picric acid, contain whi+* globules of 
a carbide — tide biipra Obser\ ations on the microstructure were al«o made b% 

C \ Edwards and co workers, \\ \ichholzer, and E Maurer ana H Nienhaus 
X F Russell found that with alloys with up to nearh 12 per cent of chromium and 
1 per cent of carbon, the steels were all pearkt'c when cooled about 40 m n 
and all the steels recalesced between 700" and 770° L Gmiiet «. pearhtic stee’s 
can be made martensitic b\ the air cooling of small pieces P Oberhoffer aI*o 
considers that the martensite area should be taken awav from the diagram ana 
A M Porte\m demonstrated what he considered to be the instability of the mar 
tensite zone H Scott found that chromium m certain proportions raised the 
temp of the transformation of martensite to troostAe E C Bain showea th*t 
allo>s containing more than about 25 per cent of chromium are witnoat tran* 
formation, the a iron and 8 iron solid soln being continuous and identical , and 
an> carbon m excess of 0 40 per cent is required to produce an appreciable amount 
of austenite at any temp Alloys with over 10 per cent of chromium furnish 
8-iron in a form sufficient!} stable to be quenched unchanged at room temp , 
it is formed at a decreasing temp with increasing chromium content, and at room 
temp , it is then ordinary ferrite and is permanently stable In the absence of 
appreciable quantities of carbon, chromium, m excesB of about 14 per cent , does 
not dissolve m y-iron, so that y iron is not produced in alloys containing more than 
this amount of chromium Carbon increases the solubility of chromium m / *ron, 
and renders it a stable constituent m alloys with over about 14 pe” cen+ chromium 
Alloys of iron with less than 10 per cent of chromium behave like <ow~cart>on *tee\ 
producing a material on quenching which is structurally martemu+ic w,th r&tner 
lower carbon-content than would be found in a steel with the same structure Both 
chromium and carbon render austenite more sluggish and reluctant to change 
mto a-iron or martensite on cooling , and about 12 per cent of chromium is required 
to preserve any appreciable austenite at room temp after quenching m water, even 
when the carbon is as high as 0 3 per cent W Giesen reported that pearhtic 
chromium steels with 0 to 8 per cent chromium and 0 5 per cent carbon, or 0 to 
5 per cent chromium and 0 95 per cent carbon, differ very slightl} from ordinary 
carbon steels with a corresponding amount of carbon The elastic limit, oreakmg 
strength, and elongation are similar , the hardness increases with the proportion 
of chromium, and is independent of the carbon-content, whilst the brittleness n> 
less than m carbon steels with the same carbon-content Chromium steels with 
8 to 18 per cent of chromium and 0*3 per cent of carbon, or steels with 5 to 12 
per cent of chromium and 0 95 per cent of carbon of martensitic or troostitic 
structure have a high tensile strength, elastic hunt, and breaking strength m 
comparison with pearlitic chr omium steels, whilst their ductility is low the hard- 
ness is very hi g h , and the brittleness medium If the proportion of chromium 
exceeds 25 per cent when 0 3 per cent of carbon is present, and over 22 per cent 
with 0 95 per cent of carbon, the elastic limit sinks considerably, whereas the brittle- 
ness incr eases in the same proportion and attains a high value The ductility 
and br eaking strength are then medium The tensile strength with a troostitic 
structure is much less tha n when the structure is martensitic Chromium steels 
with martensitic or troostitic structure are very hard, and have a high elastic limit 
and tensile strength, with low elongation and contraction Annealing mak es 
pearlitic chromium steels milder, as is also the case when the ffiartenbitic steel is 
har dened — small quantities of y iron being formed in each case A double carbide, 
chromium steel has a white appearance after heating to 1250°, and when quenched 
from this temp the carbide structure disappears provided the proportion of 
chromium is high enough Chromium steels with the double carbide structure are 
very liable to fracture , those of pearlitic structure are said to be best adapted for 
commercial use J 0 Arnold said that chromium does not form a true steel with 
100 pear cent pearhbe X-radiograms show that for each of the chromium carbides 
vol xm 2 
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substitution of iron for chromium mav to some extent take place In the cubic 
form the chromium mav be replaced bv iron up to about 25 per cent in the trigonal 
carbide the iron content mav rise to 55 per cent , but m the rhombic carbide onlv a 
few per cent of chromium can be replaced bv iron r«o definite double carbide, the 
presence of which would necessitate the presence of both iron and chromium atoms, 
jg found The solubilitv of the eirbide m austenite is reduced as the chromium is m 
creased, and the ccmentite line consists of two distinct portions corresponding to the 
solubilitv of different tvpes of carbide \\ ith 3 per cent chromium for example, 
the lower portion of the curve represents the solubilitj of the trigonal carbide, and 
the higher temp region the solubilitv of cementite \\ ith 15 per cent of chromium 
the lower temp portion grves the solubility m they phase of the cubic carbide, and 
at higher temp of the trigonal one 

According to A Westgren and co workers, A von Vegesacks observations 
show that it is probable that along the trigonal carbide and y-metal eutectic, and 
along the trigonal carbide and a metal eutectic, the temp rises continuous!} with 
an increasing percentage of chromium This means that the points representing 
the liquid m equilibrium with the cubic and trigonal carbides and a metal, or with 
trigonal carbide and a and y metals, are both situated outside the respective 
triangles of the ternary s}stem The liquidus surface of cementite falls with an 
increasing percentage of chromium The point of intersection of the liqmdns 
surfaces of cementite, trigonal carbide, andy metal form a minimum point in the 
homogeneity range of the liquid phase The evidence indicates that with a fairly 
low content of chromium, cementite is stable towards graphite so that the liquidus 
surface of cementite should intersect that of graphite If the liquidus surface of 
cementite sinks with an increasing proportion of chromium, then that of graphite 
must necessaril} decline still more rapidly This indicates that chromium carbide 
mols are present m the liquid phase All three chromium carbides may separate 
from austenite on annealing The homogeneity range of austenite is limited by 
four surfaces, three of which correspond with carbides, and one with the a-phase 
E C Bam, and B Kallmg and G Pagels ha\ e shown that the stability of austenite 
towards the a-phase rises with the carbon-content It is remarkable that the 
cubic carbide can be m equilibrium with austenite at these low temp The chromium 
content of the metal phase, being m equilibrium with both trigonal and cubic 
carbides is reduced to less than half its \ alue at the moment of solidification The 
maximum iron content of the cubic carbide, however, seems to increase As the 
chromium content ib raised the area of the y iron phase is gradually reduced and 
finally disappears the eutectic occurs at a lower carbon-content than in iron 
carbon alio} s, for example, at about 3 7 per cent with 15 per cent of chromium 
In annealed chromium steels containing onfy 1 or 2 per cent of chromium, the 
onl> carbide found is cementite, the iron of which is partially replaced by chromium 
The difference of distribution of the carbide m such steels appears to be due not to 
an> definite difference of composition, but to something of the nature of segregation 
The carbide m stainless steel is the cubic carbide sat with iron In a steel, used 
for dies, containing about 1 per cent of nickel, 11 per cent of chromium, and 
2 per cent of carbon, the trigonal carbide occurs, rather more than half of the 
chromium of which is replaced by iron E Hilgenstock discussed the 

desulphurizing action of chromium on bteel , R J Anderson, 0 Bauer and 
K Sipp, F B Co'vle, k B Everest, C D Foulke, D Hanson, J R Houston, 
A Labo, E Piwowarsh\ and co workers, H J Schuth, E K Smith and H C Aufder- 
haar, L Thien, and M Waehlert, the action of chromium on cast iron, etc , and 
H Styn, the heat treatment of chromium steels 

P Schoenmaker, and K Honda and T Murakami discussed the structure of 
chromium steels , W Riede,andA Phillips and R W Baker, the effect of chromium 
on the gram growth , and G D Preston, A E van Arkel and W G Burgers, 
A Westgren, and Z Nishrv ama, the X radiograms The lattice^ parameter, a, 
the sp gr , and the elastic modulus, E kgrms per sq cm , at 15 1° to 20 5 , arc 
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Cr IBo 3 49 5 34 7 22 804 1167 13 23pcr^ert 

a 2 863 2 869 2 869 2 871 2 872 2 871 2 873 \ 

Sp gr 7 834b 7 7980 - 7722 7 7474 7 7614 7 7459 " ~2M 

£xir* 2137 2 163 2 187 221b 2162 2212 2 251 

A Westgren showed that the lattice diinerHions of iron chrouuum » ws van 
continuously with the composition 

Chromium 0 8 3 19 3 32 1 31 6 72 C S' 1 *<t* 

a 2 8bl 2 863 2 86b 2 8b8 2 871 <£874 2 876 2 K7s A 

Analogous obsenations were made with the cubic *^1 ^’coinl < a^<d* s a waich 
part of the chromium was replaced bv iron E l Ram discu^ea tie \ r * 1 grains , 
and R Blix, the X-radiograras of ferro chromiuir <*«* fitted ^itrcger 

\ecordmg to R A Hadfield, the sp gr of chromium <+* 0 * ’» ^ 

C 0 07 014 0 77 0 77 127 2 12 4 00 5 00 Mm M"pr u»t 

Cr 0 22 0 57 1 51 5 19 11 13 16 74 8 30 2S 00 44 6M*» 

bp gr 7 777 7 759 7 740 7 712 7 675 7 595 7 597 0^54 b 814 7 o M 

F Stablem said that the sp gr of iron chromium aMovb decrease * h" 33 for 

every 1 per cent of chromium J H G Moxrvpecnv gave for a *te*l 0 3 C 

12 6 Cr — annealed at 950°, 7 731, which became 7 73b on tempernc »+ 7 f KJ , for 
samples fully hardened and tempered mild steel, 7 869 , 0 3 0 , lu 0 ( r 7 751 , 
0 3 C, 12 6 Cr, 7 738 , 0 08 C, 12 3 Cr, 7 779 , 008 C, 13 4 Cr, 7 722 , ard 0 1 ( , a 
20 4 Cr, 7 683 C Benedicks and co workers also measured the sp vol o* in Vs'* 
steels The subject was discussed by J 0 Arnold, B Rimmerso&ch, H V i> ck * , 
and J H Andrew and co workers 

K Ruf measured the sp gr of afiojs of iron and chromium \\ Brown four a 
the sp gr and sp vol of steels with 0 90 per cent of carbon ana 2 t)M per cent 
chromium are respectively 7 7bll and 0 12883 , wdh 0 43 per cen + of carbon 11 d 
3 25 per cent of chromium, re&pectivelv 7 7653 and 0 12878 , and with 1 09 per 
cent carbon and 9 50 per cent chromium, respectivelv 7 7032 and 0 12982 , o that 
with up to 3 3 per cent of chromium, the sp vol can be represented bv 0 1289 
-j-0 00034 Cr, where Cr denotes the percentage of chromium, and higher proportion® 
— up to 95 per cent — have no further effect on the sp vol H Rowsmg and 
J Sissener noted the changes m vol which occur during the heat-treatment of 
chromium steels 

According to R A Hadfield, annealed steelb or unannealed steels with 039 
per cent of carbon and up to 3 per cent of chromium, are e&silv filed , w ith increasing 
proportions of chromium, the samples become harder and annealing makes ve*v 
little difference to this propertv With over 9 18 per cent of chromium and O 71 
per cent of carbon, the steel is \ery hard and can scarcely be touched with a file 
The relative hardness of steels b> the sclerometer test wa^ found to be 


c 

0 16 

0 12 

0 27 

0 39 

0 77 

0 86 

0 71 per cent 

Si 

0 07 

0 08 

012 

0 14 

050 

0 31 

0 30 

Mn 

018 

018 

0 21 

025 

0 61 

0 29 

025 

Cr 

0 29 

084 

1 18 

254 

519 

6 89 

9 18 

HardnebS 

22 

21 

24 

24 

55 

38 

43 


when that of lead is 1 copper, 8 , the softest iron, 15 and ver> hard white iron, 72 
M Brustlem, and J B J D Boossingault also stated that chromium steel with a 
very low proportion of carbon does not harden when water quenched and 
Q Rolland observed that chromium does not take the place of carbon m hardening 
<*fceel G T&mmann and V Caghoti studied the recovery of hardness after cold- 
work R A Hadfield s results are taken to show that chromium in its effect on 
iron, m the absence of carixra cannot be regarded as a hardening agent , but if not 
less +httn 0 35 per cent of carbon be present, quick cooling is followed bv a consider 
able h ard ening , and this under conditions where m the absence of carbon the 
alloy would not have been hardened He also showed that if sufficient carbon be 
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present, chromium makes the steel self-hardening W Giesen found that the 
hardness of steels with 0 5 per cent of carbon and 0 to 8 per cent of chromium, or 
0 95 per cent carbon and 0 to 5 per cent chromium, increases with the chromium 
content, and is entirely independent of the carbon content , steels with 8 to 18 
per cent of chromium, and 0 3 per cent of carbon, or 5 to 12 per cent of chromium 
and 0 95 per cent of carbon, are extremely hard Chromium steels with the 
m irtensitic or troostitic structure are exceedingly hard The hardness of chromium 
steels was discussed by E C Bam, A Campion, H A Dickie, J W Donaldson 
V A Edwards and co workers, V Fedoroff and N Trofimoff, L Grenet, L Gtullet* 
M Hamasumi, D Hanson, H Jungbluth, T Ease, A Kussmann and B Schamoff* 
J H G Mom penny, T Murakami and Y Fuju, H O’Neill, E Piwowarshy* 
A M Port e\ in, H Redenz, M Rudolph, L R Seidell and G J Homtz* 
K T miguchi, and 0 Smalley W H Hatfield’s results are indicated m Table 
LXIX C R Austin measured the effect of annealing at different temp with 
steels containing approximately 035 per cent of carbon, and found Bnnell’s 
hardness to be 


Cr 


1 95 

4 02 

618 

8 08 

10 39 

12 08 per cent 

| 

805° 

205 

180 

200 

175 

185 

185 

Temp 

1850° 

195 

137 

160 

174 

190 

190 

[960° 

146 

163 

170 

177 

200 

192 

I 

[Oil 

645 

512 

286 

255 

248 

270 

where the samples m the last line were quenched m oil from 960° 
samples of steel containing nearly 1 0 per cent of carbon 

Similarly, with 

Cr 


209 

3 92 

5 07 

6 16 

8 12 

10 42 per cent 


[805" 

207 

255 

210 

223 

223 

153 

Temp 

(850° 

202 

225 

202 

210 

207 

143 

I960 0 

269 

321 

228 

202 

196 

140 


[Oil 

418 

350 

340 

350 

241 

2455 


where the last two samples m the last line were quenched in oil from 1200°-1300 Q , 
the others, from 960° Steels with the martensitic structure are hard, the hardness 
is scarcely affected by tempering at 500°, and the martensitic structure persists, 
tempering at 500° to 600° softens the steel corresponding with the breaking up of 
the martensitic structure and the appearance of carbide This is more pronounced 
by tempering at 700°-750° when the carbide granules are larger Annealing at 
higher temp results m an increase in the hardness corresponding with the 
re solution of the carbides C A Edwards and co-workers studied the relation 
between Bnnell’s hardness and the velocity of cooling from the initial temp 
indicated in the diagram , and the hardness of the steels cooled from different 
initial temp m air — vide Table LXIX for some data on the hardness of these steels 
F Rohm studied the acoustic properties of chromium steels , and D S Muzzey, 
the longitudinal vibrations of magnetized cylinders The mechanical properties of 
chro m iu m steels were measured by W Aichholzer, J H Andrew, C O Burgess, 
A L Colby, J H Cntchett, H J French, H J French and H K Hers chmann , 
J P Gill, E Greulich, L Gudiet and co-workers, R A Hadfield, R Hall, 
G 4 Hankins and co workers, E L Henderson, Y O Homexberg and I N Za- 
vaxine, E Houdremont and co-workers, A Hultgren, J A Jones, E Kothny, 
F C McGrsil, P G McYetty and N L Mochel, A Me William and E J Barnes, 
P Marsich, N N Menshih, F W Meyer, K H Muller and E Piwowarsky, 
I Obinata, W Oertel and K Wurth, C W Pfannenschmidt, F Rap&tz, 
H Redenz, M Schmidt and 0 Jungwirth, B Stoughton and W B Harvey, 
and E C Wright and P F Mumma F L Coonan, and L Grnllet said that with 
pearhtic steels, the tensile strength and elastic limi t are higher, the higher the 
proportion of chromium, without, however, differing greatly from those of 
ordinary steels with the same proportion of carbon The brittleness is increased 
a little The martensitic steels are sard to have the same qualities as nickel 
and manganese steels, but have less brittleness The mixed martensitic and 
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carbide steel* also resemble the manganese steeN *hi 9 in * IouIa t i*b,d« ♦*<»*> 
have a somewhat low tensde strength and elafrtit ]u **• ud +f*\ f i\* ’ 2*1 
contractions and mediam elongations Z ]Ni*hi\axn n ^ti * ur na ’it- * f t jjc i < * * 
modnlus are indicated above The obaenatons of ( R \ i«* *1 w l* a*nr ztt I 
m Table LXIX The tensile strength of steel w*iii 1 % pr r nt *>f i 3r< imvo, 
not tempered, was 44 0, and after tempering an hou* at MO *- was 71 1 »<1 t » 

Table LXIX — The Mrchahical PioFXRrD or t H*oy i m sti « «#* 
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elongation 11*0 per cent The tensile strength of the 4*02 per cent chromium 
steel, not tempered, was 78-0, and after tempering an hour at 610' 56 3, and the 
elongation was 18 T per cent The tensile strengths and percentage elongations of 
the steel, tempered at 500° and 650°, with 6 18 per cent of cnromium, were 
respectively 60-4 and 17 2 , with 806 per cent Cr, 59 2 and 18 0 with 10 39 per 
cent Cr, 56 4 and 17 2 , and with 12 08 per cent Cr, 60 1 and 18 7 Again, the 
tensile strength of the steel with 2*09 per cent Cr, tempered at 500' and 650°, 
was 85 7 , the tensile strength and elongation of the *teei with 3 92 per cent of 
chromium, tempered an hour at 500° and 650°, were respect i\ elv 810 and HO, 
and likewise for the steel with 507 per cent of chromium, respective^ 75 & ami 
12 5 The tensile strength of the steel with 6 16 per cent of chromium, tempered 
an hour at 500° and 650°, was 490, and when tempered an hour at 650', 

The test-pieces broke m the shoulder in the cases where the elongations are not 
stated The mechanical properties were discussed bv H H \bram, L \itchison, 
P A E Armstrong, C R Austin, H W Baker and A H Gibson, P Blum, 
C B CaUomon, F B Coyle, H 0 Crocs, H A Dickie, J W Donaldson, 

P Eyermann, H J French, G Gabriel, F L Gamson, X T Gebert, T P Gill, 

R C Good, W Guertkr, A Hultgren, W H Hatfield, Haufe J E Hurst, 
T F Jennings, J A Jones, W Kahlhaum and co workers B Kjerrman, 
J H Kuster and C Pfannenschimdt, C B Lord, T D L\mh mtl to workers, 
R S MacPheixan, P G McVettv and N L Mochel, Y Mat**unaga, T Matushita, 
J H G Monypenny, H Moore, R R Moore, I Masatti and G (album 
J B Ncaley, A L. Norbury, 0 K Parmrter, A R Page ard J H Partridge 

A Phillips and R W Baker, F RapatxandH Pollack, W Riedt,A lU N k Sasa- 

kawa, A Schulze, F W Shiplev, E K Smith and H C Aufderhiar, T Swmdennrd 
P H Johnson, and W Zaekr J H G Monjpean} obtained the re suits indit ited 
in Table LXX for the effects of tempering and anne dmg on steel L with 0 07 per 
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cent 0, 0 08 Si, 0 12 Mil, 0 57 Ni, and 11 7 Or The results correspond -with the 
effects on the hardness indicated above 


Table LXX — Thf Effect of Annealing Temperatures on the Mechanical 
Pbqpfrties of Chromium Steels 




JLrcatimnt 


Yield 
point 
(tons per 
sq m) 

Maximum 
stress 
(tons per 
sq m ) 

Elongation 
(per cent ) 

Reduction 

area 

(per cent ) 

Bnnell s 1 
hardness 

f 

Izod 
unpact 
(ft lbs) 


'O 

H 

030° 




73 2 

13 5 

41 9 

340 I 

28 


YY 

H 

2O0 w 



— 

73 0 

12 0 

38 0 

340 1 

34 


Y\ 

H 

300° 



— 

72 4 

12 5 

36 4 

332 , 

38 


YY 

H 

400° 



— 

72 3 

15 5 

510 

332 I 

38 

I< 

YY 

H 

500" 



58 8 

72 4 

180 

52 2 

340 , 

36 


YY 

H 

000 



38 0 

49 1 

22 0 

62 4 

241 - 

65 


w 

H 

700 



30 6 

40 4 

. 26 5 

658 

196 > 

79 


YY 

H 

750 



27 9 

1 36 4 

31 0 

68 8 

179 I 

87 



H 

800° 


■ 

33 6 

t '>3 6 

| 13 5 

44 b 

255 

40 

i 

\Y 

H 

050" 



38 0 

1 61 0 

1 70 

13 4 

302 1 

7 

1L 

YY 

H 

700 u 


i 

40 8 

1 59 7 

* 10 0 

18 3 

! 385 

8 


|w 

H 

750° 


i 

! 33 6 

, 58 9 

i 10 0 

18 3 

281 1 

8 


1* 

H 

050°, 

WH 

700° 

i 26 0 

1 36 8 

! 34 0 

62 6 

— 

69 

HI 

A 

H 

1000° 

YY H 

700° 

i 32 0 

j 442 

! 23 0 

53 4 

1 ~ . 

55 


O 

H 

1000° 

YY H 

700° 

j 34 0 

45 4 

' 24 0 

i 

604 

; ~ 1 

75 


The symbols 0 H and W H refer respectively to oil- and water hardening The 
results show that up to 500°, the tensile strength is not affected by tempering, but 
the ductility (elongation and reduction m area) and toughness (impact test) are 
unproved, between 500° and 600°, the tensile strength falls rapidly , while the 
ductility and toughness increase m value , at 600° to 750°, these results are more 
accentuated , between 750° and 800°, corresponding with the dissolution of the 
carbides, the steel shows evidence of hardening By increasing the proportion of 
carbon, the tensile strength gradually rises, while the ductility and toughness become 
less , when the proportion rises to 0 3 per cent , the steel becomes hypereutectoidal, 
and gives high values for Bnnell’s hardness These steels cannot be softened by 
tempering below a tensile strength of 50 to 55 tons per sq m With still higher pro- 
portions of carbon, the materials contain large proportions of free carbide The senes 
for steel II refer to a high carbon chromium steel 1 42 C, 0 12 Si, 0 35 Mn, 0 44 
Ni, and 13 1 Cr The results for a high-chromium steel III refer to a steel ^ith 
0-17 C, 0 26 Si, 0 18 Mn, and 15 9 Cr As the proportion of chromium increases, 
a higher quenching temp is needed to harden the steel, and eventually the possible 
increase m hardness obtainable by quenching from at least 1200° is very small The 
tensile strength obtainable after hardening and tempering is rather lower than 
with lower chromium steels, at the same time the ratio of vield-pomt to maximum 
stress is also lower 

J H G Monvpenny found the modulus of elasticity — i e Young’s modulus — 
m tension, expressed m lbs per sq m , for a steel with 0 09 C, and 12 0 Or, was 
0-0 4 2% , and for & steel with C 0 23 and Cr 12 8, 0 0 4 306 H H Abram obtamed 
values ranging from 0 0 4 296 to 0 0*323 for a series of stainless steels with 0 10 to 
0 43 C, and 12 37 to 14 7 Cr The former also gave 0 0*125 for the modulus of 
elasticity m shear for a steel with 0 25 C, and 12 5 Cr CL Clark and A E White 
studied the effect of temp on the tensile properties of chromium steel For the 
effect of h\ drogen, see that element 

The fatigue, that is, the failure of the steel under alternations of tension and 
compression over a lomr period of time, has been examined by F H Moore and 
J B Romaur- 1) \ Mc\dam, H 7 Gough and co workers, etc The fatigue 
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range for a chromium stee 1 w»th a tensile strath u* 43 3 tons p r "I 
3-21 tons per <*q m for a hundied million f^cie of ^tre^s vm * w t}: 

respect to fatigue like other ferrous met \h D J Me V 1 %m mvle t ♦'To** v* f itiSTuC 
and fatigue tests of stainless stul, *is vu' 1 as sni« *nr< , * et* in I to* Tn* 
endurance tests were made with mle* running 1430 re\M pr m *s — ' h + he 
corrosion of iron The corrosion was efW*«d tn fresh carb<m + t * **er <rd b\ 
silt water, mer water with about one f hml *V ^ilir* «oi*e»vt* <>r *nn^r 
The results were 


Chromium 

11 o4 

12 20 

13 33 

15 09 

it 

Nickel 

OOS 

0 1b 

0 0b 

o n 


Silicon 

0 09 

0 23 

0 22 

0 i0 


Carbon 

0 33 

0 0b 

0 13 

0 09 


Copper 

0 84 

on 

0 43 

001 


Tensile strength 

97 600 

61 500 

91 200 

102 700 It 

j * i *o ir 

Elongation 

27 7 

410 

25 3 

27 " pt r n' 

f ♦ m 2 iu» 

Beduction of area 

59 5 

07 5 

63 5 

yj o 


tatigue 

52 000 

39 000 

oOOQO 


j* r nq ir 

. . j Fresh 

35,000 

30 000 

40 000 

3H<*» 


Corrosion fatigued g a j fc 



13,000 




J H S Dickenson showed that at temp exceeding 300 , ordnar* *tet is a^U 
allov steels of \anous types stretch b> plastic flow and fmallv break with much 
smaller loads than the values for the tensile strength ob^ainea a+ the * t n ie temp 
Hence, a steel with, sa } , a tensile strength of 20 ton per '-q in a* 050 * hj j 1 *tre*ch 
contmuoush and finally break at a far le^ load if g’ven sufficient tune For 
per cent carbon steel, and a 0 26 C, 14 68 Cr steel he found that * i4 e viax^iam 
stress m tons per sq m , and the percentage reduction of area, at different f emi* 


are as follow 

14° 

100 

400* 

500 

600* 

7iH 

iA 


m * i 03C 

43 2 

404 

40 8 

27 6 

208 

12 b 

- j 

4 0 

Tenacity { 14 68 Cl 

540 

49 9 

444 

38 0 

27 6 

17 4 

S H 

t 1 

» < 0 3 C 

648 

59 2 

67 8 

79 4 

861 

92 H 

* 90 

4VS 

Reduction | W68Gr 

57 0 

546 

52 2 

644 

70 7 

84 1 

91 4 

91 4 


The periods required for the same materials to break dot* a « t different t emj wH'e 
under a load of 8 5 tons per sq m , were 

500 - 550 * 550°-600 000 - 6 *> 7 M 7 ” 5 * 

0 3 C 3400 hrs 956 hrs 28 hrs 3 n ms 0 isets 

14 68 Cr 10,000 hrs 1728 hrs 79 hrs 3 runs 6 bees 

W H Hatfield also made some observ ations on this subject W 1 + h <^1 nan carbon 

steels, there is a range of bnttleness, called blue brittleness— arte supra ter^le 
strength — rough!} between 300° and 500° It is indicated bv mea-s cf the notched 

bar impact test F Robin observed that \anations in the rems+antt of pearl it xc 
chromium steels to crus hing are similar to those of martensitic stee s general! v t ) 

The resistance increases rapxdl} in liquid air, and it diminishes thereafter at r ^mg 
temp , but not uniformly Above 500° the resistance diminishes more rapidly, 
and attains a high value at 1100° The high-speed tool s+eeV ~ ion itfra—d re 
the onl> steels at these temp which show an even higher resist moe kceordmg 
to J H 6 Monvpennv, \anous mckel allov steels show a m ixin \un brittleness 
about 600°, and a nummum about TOO'' , bevond that temp , the bars bend but do 
not break The chromium steels have fairly uniform impact valuer with nse of 
temp , and show no range of blue bnttleness The effect of the temp on 

the physical properties of the allov was di^cu^sed bv J H Andrew ax 1 to workers, 
\nd 0 L Clark and A E White , and the effect of annealing, bv C B <’ illomon - 
vide the physical properties of iron 

According to J H G Monvpennv, stainless steel is rather more difficult to cold- 

work than is the case with ordinary steel but it can be drawn w ‘re, rolled into 
sheets or strips, made into weldless drawn tubes and pressed or imped into 
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various shapes All tbs, however, provided the steel be more frequently softened 
between the successive stages of the mechanical working Thus, the maximum 
stress in tons per sq in , M S , and the reverse binding tesc, R B , were found, for 
the hard drawing of steel with 0 07 C, and 11 7 Cr, to be 


Diameter 

0 111 

0 0804 

0 0706 

0 0568 

0 0465 

As drawn g 

68 

6 

78 

5 

89 

5 

114 

4 

103 

13 

Tempered »M S 

58 5 

64 5 

61 

67 

61 

600° iRB 

6 

75 

9 

11 5 

22 

Tempered fM S 

46 

50 

49 

505 

46 

600° 1RB 

8 

16 5 

18 

20 

30 

Tempered j M S 

700° Ibb 

36 

39 5 

38 

40 5 

39 

9 

15 

18 

27 

11 


S H Rees obtained the results given m Table LXXI, with stainless iron with 0 12 C 
and 12 0 Cr, and stainless steel with 0 40 C and 13 0 Cr The indicated temp 
refer to the temp of annealing for one hour The annealing of the iron at 300°-375°, 
and of the steel at 375°-450°, results m a marked improvement m the elastic 
properties of the cold-drawn rods R A Hadfield observed that at —182°, the 
results are normal 


Table LXXI — Effect of Annealing on the Pbopebties of Cold dbawn 
Rods of Chbomium Iron and Chbomium Steel 


Treatment 

Tensile 

Compression 

Elastic 
limit (tons 
persq m ) 

Yield point 
(tons per 
sq in) 

Max load 
(tons per 
sq m) 

Elongation 
(per cent ) 

Seduction 
of area 
(percent) 

Elastic 
limit (tons 
persq in ) 

Yield point 
(tons per 
sq in) 


'Cold-drawn 

7 

320 

37 2 

28 5 

70 

9 

28 0 



8 

32-0 

37 2 

28 0 

70 

9 

28 0 



14 

32 5 

37 6 

27 0 

70 

12 

27 0 

Iron -j 


22 

330 


24 0 

69 

18 

30 0 


375° 

22 

26*0 


32 0 

73 

20 

26 0 



19 

26 0 


32 0 

72 

19 

26 0 


1650° 

18 

200 

. .. 

32 8 

37 0 

74 

16 

210 


r Cold drawn 

9 

39 0 


21 0 


7 

350 



10 

39 0 


210 

52 

10 

34 0 



17 


512 

19 0 


17 

36*0 



24 

430 

508 

20 0 

52 

22 

37 0 

SteeL 

375° 

29 | 



21 0 

52 

26 

3 55 


450° 

28 

39*0 


22 0 

53 

25 

350 



26 

35*0 

49 2 

22 0 

55 

26 

335 



24 

320 

38 4 

25 0 

57 

23 

32 5 


1780 

24 

31*0 

47 6 

26 0 

57 

25 

315 


The mechanical properties of stainless steel were discussed by E Piwowarsky, 
P Oberhoffer and E Piwowarsky, R S Poister, T L Robinson, T Matushita, 
J Gahbourg, A Abraham, C E M&cQmgg, and H J French , the effect of silicon 
on the m e ch ani c al properties of stainless steel were discussed by E Kothny, 
H H Abram, and J H G Monypenny , of nickel, by J H G Monypenny, and 
B Strauss and E Maurer , of manganese, by L Gudlet, and J H G Monypenny , 
of copper, by J H G Monypenny, and L Grenet , and of vanadium, by F Rogers 
K Ruf measured the thermal expansion of iron-chromium alloys between 0° 
and 250° An anomalous expansion with iron occurs between 950° and 870°, 
with a 6 per cent chromium alloy, between 830° and 770° , and with a 12 per 
cent chromium alloy, between 845° and 810° , whilst no anomaly occurs with 
alloys having over 13 per cent chromium F Stablem found that the mean ooeff 
of thermal expansion decreases with an increase of chromium JAN Friend 
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and R H Aalhnce found three s&mp^ of ** m’M** W Iv* tn ft <f tt»e*mal 
expansion between 0 0 4 110 and 00 4 117 at ttn j: re*w<t* 3^ -«r 1 OWni 

tions were made bv A. M Portevmand P (*mwiaH, If T^sinit- P Hvkrrt, 

P Hidnert uid W T Sweerov, J B K i t n jr i R H H P*e*re md 

H J French W H Souder and P Hal*!*** loi d *\i of then a 3 

e\pan-ion of chromium steel— with ( , 0 30 rer* s w * ■ Vh nh arai 
Cr, 131 — on hardened samples and ^ampi^ + enn* r * 1 i* 7*0 T*e 

values respeetiveh for hardened and tempered ht*c*s are and 00^6 

between 20° and 100 00 o 98 and 00 4 ]07 fif+w*er 2*> and 2**0 an 

00 4 122 between 200° and 400 , 0 0 4 13* ard o0 4 l» r#-twetr. 400 tJl MS 
00 4 134 and 0 0 4 13b between 600 and 8CK* and 00^22 an; 1 * *0 4 12I 
20" and 600° B Kjernnan, T Matouhita and P G Yh\<ttv a^d V L M*^hel 
made some observations on this subject F ^tabiem found tu*t +he pre*en e of 
chromium rapidlv reduces the heat conductivitv of iron aru al n\* With 5 to 13 per 
cent of chromium have onlv half the heat conautt*vt> of >r u T >fa*j*M+a 
found the heat conductivitv, A r of samples *Iowl* cooled fron '4* h i'& f> uf 

samples rapidly cooled from 1100°, to be 


Cr 

*x 


0 0 5 20 5 0 10 0 33 per rtr* 

0 100 0 009 0095 0073 0 052 — <043 

0 098 0 089 0 087 0 044 — «*<m 0 043 


W H Hatfield found the thermal conductivitv of starlet steel + o he ‘e-s +1 vn 
that of ordinary mild steel , the value for stainless or enrorvum steel ** A K'363 
to 00466 cal per cm per sec per degree, when the value for iron O 1450, ai J 
for mild steel 0 1436 at 18°, and 0 1420 at 100° The rate of Jaeatmg rf ♦r* urn 
or stainless steel is nearly the same as that of ordinarv *+eel, x* tLa* if tUf t v f 
heating depends on the diffusivitv, where the diffuse vitv —A -D— where 1 der 
the sp ht , and D the sp gr — the conductivitv k must increase w *h f eir t > * r 
product sD must decrease with temp sufficient to sati^fv observation^ W Brown 
found that the presence of chromium has little influence on the sp h+ for *uth the 
percentage proportions of C and Cr=0-90 2 00, the sp ht was 0 !2o2 , with 
043 3 25, 0-1169, and with 1 09 950, 01206 F Wast ard co workers repre- 
sented the mean sp ht byO 10233+0000033470, 
and the true sp ht at 6° by 010233 
-j-0-00006694# for temp between 0° and 1500° 

W H Hatfield gave 0 115 to 0 121 for the sp 
ht of chromium or stainless steel at ordinary 
temp F Osmond found that 44 per cent 
ferrochromium ran a little at the point of con- 
tact with an iron area at 1355°, but the fusion 
was quite local, the sample melted at about 
1430° , 66 per cent ferrochromium liquated at 
1440° into a fusible and a refractory part which 
did not melt at 1475° , while 90 per cent 
ferrochromium did not melt at 1485° The f p 
curve is indicated m Figs 445 and 446 A Lud- 
gren noticed that there is a particularly strong 

evolution of heat during the annealing of . 

hardened chro mium steel, when the steel had prev iouhIv been converted into 
austenite by quenching from a high temp , if the structure is martensitic, no 
development of heat is perceptible because the breaking up of the martensitic 
structure proceeds so slowly W W Coblenta and R Stair measured the reflect- 
ing power of stainless steel , and H Pincass, the spectrum of the Fe-Cr catalvs 
K Rufs values for the sp resistance m ohms per *q mm per metre are shown 
m Fig 448 J Hopkmson found that the electrical resistance is lowered by 
annealing The following values were obtained for the sp resistance 
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of Fe Cr AUova 
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C Cr Hard drawn Annealed Hardened In water 

016 per cent 0 29 per cent 0 0 4 2234 0 0 4 19I7 0 0 4 1903 

0 27 1 18 0 0 4 3351 0 0 4 3305 0 0 4 5706 

0 77 5 19 0 0 4 2012 0 0 4 2234 0 0 4 4062 

0 71 , 9 18 0 0 4 2315 0 0 4 2401 0 0 4 2843 

F Stablem found the sp resistance of the iron chromium allov s increases lmearlv 
up to 2 per cent chromium, and then increases less rapidly A M Portevm gave 
5 4 microhms per cm cube for the increase in the resistance of iron produced b\ 

1 per cent of chromium , and he found that, at 15° to 20°, for samples with about 

02 per cent of carbon, the electrical resistance R microhms per cm cube for 
chromium steel before and after hardening bv quenching from 980° in w iter 

Cr 1 20 4 50 10 14 14 52 22 06 31 75 

n Before lb 3 33 2 49 7 62 9 56 0 63 7 

^(Aiter 18 0 35 0 50 8 69 7 57 7 66 3 

Siruilarlv with steels containing about 0 8 per cent of carbon 

Cr 0 62 2 14 7 28 13 94 26 54 40 03 

o) Before 23 1 27 8 39 6 65 4 67 1 715 

^1 After 43 5 54 0 62 2 72 5 68 4 73 5 

0 Benedicks’ formula was found to be applicable for steels with up to 2 67 per 
cent of chromium T Spooner, F K Fischer, O Boudouard, M A Hunter and 
A Jones, T Murakami, H A Dickie, W F Barrett and co workers, and 
T F Russell made observations on this subject C A Edwards and A L Norbury 
observed that there is a gradual increase m resistance b\ quenchmg from graduallv 
increasing temp abov e the Ac x point, and this increase takes place m the range 
ov er which the carbide of the pearlite gradually dissolves The fully tempered 
stainless steel has a resistance of about 0 000050 to 0 000055 ohm per cm cube, 
and this increases to about 0 00007 ohm when the steel is quenched from temp 
high enough to dissolve all the carbide C Benedicks and R Sundberg found 
unquenched specimens of stainless steel havmg practically the same resistance as 
hardened specimens when the carbon is low, this is taken to show that the chromium 
is m solid soln , on raising the proportion of carbon, the resistance is much lowered 
If SR, microhms per cm cube, denotes the differences observed between the 
quenched and unquenched samples, and SR / the increase which would occur with 
the carbon going into soln , the higher values for SR indicate that much of the 
chromium is precipitated with the carbon in the slowly cooled samples 


Carbon 

0 07 

0 20 

0 28 

034 

0 45 

0 47 per cent 

hR 

30 

118 

16 0 

12 6 

17 4 

162 

S R' 

19 

54 

75 

9 1 

12 1 

12 6 


F K Fischer found that the electrical resistance ranges from 43 to 53 microhms 
per cm cube, and the value vanes at the rate of 0 60 microhm for each per cent 
of chromium added 6 Tammann and V Caghoti discussed the recover} of the 
resistance after cold work A Kussmann and B Scharnoff observed no relation 
between coercive force and hardness 

G Tammann said that assuming a chromium atom on the surface can render 
an adjacent iron atom passive to dd acids, the (101) face should become passive 
with 0 25th of a mol of chromium, and the (100)- and (lll)-faces, passive with fth 
mol Actually passivation occurs with 016 to 0 28 mol of chromium this is less 
than the predicted amount Hence, other factors — e g the nature of the solv ent — 
are involved 0 Benedicks and R Sundberg found that the electrode potential, 
E> of nnquenched steel — with 0*04 to 0 08 per cent of carbon — m neutral 
0 82A T -FeS(>4, free from oxygen, rises from E=—0 711 to —0 744 volt when 8 per 
cent of chromium is added, and the potential is sensiblv baser than that of iron 
or carbon steel f the addition of more chromium lowers the value of to a 
minimum with 13 to 14 per cent of chromium, and with more chromium, E rises 



again With chromium constant at 13 per cent E 's much lowered when the 
proportion of carbon is raised W ith quenched specimen*, E rises w*ta merging 
cnromium, but with chromium constant at 13 pe^ cent , E *s reduced to —055 
\ olt on increasing the proportion of carl on If tne neu+nl so^n of o *2X FeS0 4 
he pirtialh oxidized b\ the addition of h\drogen dioxide f he elec Tod 3 J, 

E is remirkibh constant at 031 \olt and +Li* i* ro+ lfected fn nr un *>r 
chromium o\er 8 per cent , m quenched spec With 0*4 to f»(e* p«r t ** <+ of 
carbon, L' is reduced to —0 64 \olt with 8 05 per cert of «n ara ♦ j 0 31 

for higher proportions of chromium Quenched specimens with 1 } pr itu* r* 
chromium ha\e E' between 0 275 and 0 30^ 'volt The e^ect^ra’ 

\ol , and the electrode potentials, all indicate an abrupt change near 13 p*r unt 
of chromium This is thought to be due to the gradual fadirg ou + o* tne f rep* r 
with the higher proportions of chromium, as indicated be E * B«un kn « r eng 
to C Benedicks and R Sundberg, a stainless steel with 0 10 per cer f of ca*b vi 
13 per cent of chromium, when immersed m A KC1, assume- tempo^a^’v * i igl er 
or active potential, and a \isible rustmg occurs A phototiecTi^ cell w - cm 
structed b\ usmg two strips of stainless steel immersed m a -om of fern u* ph t + e 
This cell is sensitiv e to light The light causes an mcrease m the elec+n 
rendering the steel slightly baser G Tammann and E Sot+er t* 

electrode potential of iron chromium allots m 0 IA-H 2 SO 4 1 * strergh t t ► 

chromium with cathodic polarization, and onh shghth so with an^Lc prior zi+*or 
The end anodic potential is attamed m accord with the exponent* *1 law ba* w *ii 
cathodic polirization the case is more complex, there bi’rg apparel* tHe** 
distmet periods Polishmg with emerv, and heating at 40*) decrea-e *ne C+ tr 
positiveness of the alloys The presence or absence of a*r SubbLng + hro-gl mt 
soln affects the potential but little, but the presence of a reducing M*ch as 

pyrogallol, phosphorus, or qumol, reduces the electropo^tnenes* of cathcsbcallv 
polarized iron-chromium allots to a remarkable extent E Newbery an l 
O Me\er and K Roesch also studied the potential of chromium steels a-" 1 t n e*r 
tendency to rust According to B Strauss, the potential of iron chromium a!’o\ * 
m A r -FeS0 4 soln against a 0 lAf-calomel electrode, ranges from — 0 6 \elt A o —02 
\olt The former value is the same as that of mild steel, and with iow -carbon 
steels, the negative potential was found with 
less than 12 per cent of chromium, both -values 
with between 13 and 15 per cent of chro m iu m , 
and the positive potential with over 16 per cent 
of chromium With 08 per cent of carbon, 
both values were given with steels having 13 to 
15 per cent of chromium, and a negative poten- 
tial when more carbon was present Steels with 
20 per cent of chromium gave a positive 
potential with up to 2 per cent of carbon, and 
a negative potential with more carbon E New 
bery, H Stager and H Zschokke, R Borchers, 

M de K Thompson and R B Momssev, 

T P Hoar and U R Evans, and L C Ban- 
nister and U R E\ans studied the electrode 
potentials of these allov s 

K Ruf s values for the thermoelectric fort e 
of the alloys against platinum are indicated in tig 449 Observatio *s were <d*o 
made by M A Hunter and A Jones, and P Nicolau T S Fuller for rd the thermo- 
electric force, E millivolts, against copper between 0 " and 1 Q 0 V for allo>s of iron and 



Fig 44^ — T1 e Thermoelectric 
Force of Fe Cr 412ove 


Chromium 

E 


j 0 18 20 23 5 20 5 per cent 

1 20 104 0*43 8 32 031 


E L Dapuj and A M Portevm measured the thermwle< tnt fone of rhnmmm 
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6p4 

steels against copper over a range of temp from —80° to 100° The results, 
expressed m millivolts, are indicated in Table LXXII The blanks mean that the 
samples cracked 


Table LXXII — Thermoelectric Force or Chromium Steel Against Copper 


Percent 

Untreated 

Annealed at 100 


C 

Cr 

-80° 

100° 

-80° 

100 

-80 

100° 

0 06 

1 

20 

17 1 

16 6 

17 53 

16 93 

mm 

16 4 

0 08 

1 

89 

15 2 

16 6 

16 43 

16 65 

KgSB 

15 20 

028 

2 

66 



16 94 

18 11 

mfflm 

21 60 

0 07 

7 

84 



9 75 

14 92 

9 80 

13 50 

042 

9 

80 

684 

5 82 

12 18 

14 74 

— 

— 

0 14 

13 

60 

6 15 

8 73 

6 50 


5 10 

7 65 

0 24 

25 

31 
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9 70 

090 

18 
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4 99 
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0 82 
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54 
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5 37 

3 30 

5 91 
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464 

0 92 

32 

46 

4 87 

6 28 

684 

6 30 

4 32 

5 55 


W Treitschke and G Tammann observed that all the iron alloys with up to 
80 per cent chromium are magnetic J Hopkmson found that ferrochromium 
with 8 to 28 per cent chromium is strongly magnetic , with 44 per cent chromium, 
it is feebly magnetic but is strongly magnetic when in the form of powder , and 
66 per cent ferrochromium is feebly magnetic In general, the magnetism of 
ferrochromium alloys decreases with increasing chromium and carbon J Hop- 
kmson obtained the results for the magnetic induction, B, per sq cm , with 
different values for the magnetizing force, H } from which the following is a selection, 
for steel with 0 71 per cent of carbon and 9 18 per cent chromium 


Before heatmgj^ 
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The induction, B, per sq cm , for the same steel after heating to the temp indicated 


17 i nsl 

395° 

558° 

640° 

701° 

773° 

839° 

860° 

1 VZ \B 

31 

41 

98 

161 

201 

331 

0 

B 4 (Lti 

416° 

645° 

717° 

789° 

823° 

841° 

860° 


113 

416 

603 

1022 

1462 

1863 

0 

H 11 ft/ 

438° 

584° 

661° 

735° 

807° 

829° 

860° 

a, ii 

340 

661 

2226 

5489 

6424 

4943 

0 

w 27 (X>/ 

456° 

616° 

677° 

746° 

813° 

834° 

860° 

**» * * W% n 

832 

2891 

7796 

8728 

7112 

5375 

0 

Abt, H A Dickie, R 

L Dowdell, F K 

£ 

1 

o 

H 

S3 

n 

S Messkm 


and E S Tovpenjez, P Obeihoffer and 0 Emicke, J H Partridge, J Safranek, 
S Saito, E H Schulz and W Jenge, H Scott, T Spooner, J Wurschmidt, 
E A Watson, C E Webb, and L W Wild measured the magnetic properties , 
and A Kussmann and B Schamoff, E Gerold, H Scott, and S Curie measured 
the coercive force, magnetic moments, and remanence of chromium steels 
F Sfcablem found the coercive force of chromium-iron alloys rises to an ill-defined 
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maximum with 10 per cent of chromium, and then fall* to u rn'iumutn with 
17 per cent of chromium W Brown found for the magnetic momeu f M per 
gram, and the percentage los* bv percuvuor 


Cr 

1 75 

1 96 

2 11 

3 70 

579 

9 22 per crot 

M 

3S 2 

504 

52 5 

41 7 

38 7 

42 2 

Loss 

1 9 

0 5 

2 2 

1't 

7 n 

1 3 pc- 


F K Fincher found that the magnetic properties of the ad \ a w-th 10 tn £f, pe* 
cent of chromium varv with the proport on of e*iromiun aid w»th the neat 
treatment Annealing produces the best magnetic result* The be«+ migretic 
results were obtained with allovs ranging from 17 5 to 1 H 7 per ceii* of ch r «i™num 
— m the region of zero magnetostriction The effect of quenching on tte magret'C 
properties is to reduce the flux density b\ a 1 lrge amount and to mi*e prac* cal * 
permanent magnetic material out of the rmg samples except th* >e m the 
bourhood of zero magnetostriction Baking the aMo\ * at 5M) after anneal ir 2 was 
harmful to the properties as it reduced the permea&iht\ Tne masme t xc cnt ca* 
point varies from about 675° to 750°, the average being abnu* TOO The be** 
alloy obtamed was one of 18 7 per cent chromium ft hen annealed, th s al ov 
has a maximum permeability of about 2000 at approximately &A)0 gausses Its 
hvsteresis loss for B m =5000 is 1770 ergs per c c per cycle, or l* has aoo-t the 
permeabilitv and 4 times the hysteresis lobs of \rmco iron 

A W Smith and co workers found the minimum reluctance — 3 e the rec procal 
of the maximum permeability — occurs when the proportion of earbor ap p^oacne» 
0 8 per cent , and a maximum with about 0*5 per cei t R L Sanford and 
ft" L Cheney found that the maximum induction of oil quenched chromium ^eei 
is II 200, and the coercive force 53 5 G Mars mvest'gateu the use of <h*vm nm 
steel m permanent magnets His results are indicated ir Tilde LX\IV 

Table LXXIII — The Habdvess and Magnetization or Chkomtt3 Steel.* 
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Tabu LXXIV — Magotxio Fbofsktixb of Chbomtcm Stkelb 
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The magnetic properties resemble those of high carbon steels, and stainless 
steel when suitably hardened makes a good permanent magnet, which is not so 
good as the 6 per cent tungsten steel commonly employed M B Moir obtained 
hysteresis curves of annealed and quenched chromium steels, at 15° and at —190°, 
and found the value with the annealed alloy to be too small to be worth invest! 
gating for permanent magnetism, but the quenched specimens, while not ideal, 
maLe useful magnets, with the properties indicated m Table LXXIII 

L Jordan and F E Swindells discussed the decarbunzation of ferrochromium 
by heatmg it in hydrogen, and E Martin, the absorption of hydrogen and mtrogen 
b\ chro mium steels The commercial importance of the chromium steels as rustless 
steels , non corrosive steels , or stainless steels was developed by H Brearley, although 
the resistance of these steels to corrosion had been previously noted by B Strauss 
and E Maurer, and E Haynes, and a mix ture for a resistant chromium steel 
patented by the Firma Krupp for use as cutlery, propeller blades, etc Indeed, 
over a century ago P Berth ler drew attention to the fact that chromium iron alloys 
are less corrodible than iron itself, and analogous observations have been made by 
M Faraday and J Stodart The subject was discussed by P R Kuehnnch 
E A and L T Richardson also noted that chromium enhances the effect of copper 
m resisting corrosive influences 

The corrosion resisting alloys were discussed by H H Abram, W Ackermann, 
L Aitchison R J Anderson and G M Enos, P A E Armstrong J A Aupperle, 
E C Bam, M Ballay, C B Beilis, C Benedicks and R Sundberg J S de BenneviUe 
H N Booker, P Bres, A Brunner, W S Calcott, C W Carnell H C H Carpenter, 
F F Chapman, P Chevenard, T H Chilton and W R Hue's > D G Clark, A Christiansen, 

T Clavier, J Cournot, J L Cox, W H Creutzfeldt, K Daeves, G Dillner, T W Downes 
G A Drysdale R L Duff, V Duffek,C Duisberg,T G Elliot and co workers, G M Enos, 
H Esselbach, H O Forrest and co workers, H J French, H A de Fries, J Fritz and 
F Bornefeld, T S Fuller, C Gnff, M A Grossmann, L E Gruner, TV Guertler 
W Guertler and W Ackermann, W Guertler and T Liepus, L Guillet R A Hadfield 
and co workers, J F Hardecker, W H Hatfield, W H Hatfield and H Green E Haynes, 
JT G Hopcraft, E Houdremont, F Hutte, A C Iebens, R Innann, K K Jarvmen, 
C M Johnson, W E Jommy and R S Archer, B Hailing, J F Kajser B Kjerman, 
P Koetzschke, A Kruger, F R Kuehnnch C Kuttner, L Losana and G Reggiani 
D J McAdam, J W McMyn and V Edge, C E MacQuigg, P G McVetty and 
N L Mochel, A Mangm, W H Marble, J A Mathews C Matignon, W H Melane>, 
P S Menough, C G Memtt, O Me^er and K Roesch, J L Miller W M Mitchell 
P Monnartz, J H G Monypenny, T H Nelson, F Orme, A R Page and J H Partridge, 
A E Perkins A Phillips and R W Baker, H D Phillips, J Pomey and P Voulet, \ and 
G Prever,W J Pnestley, H S Primrose M J Prucha H S Rawdonand A I Krynitskj, 
E A and L T Richardson, W D Richardson H Rieger, F Rittershausen, K Roesch 
and A Clauberg W Rohn, A Rys, B D Saklat walla, M Sauvageot and L Laupr&fce 
R Schafer C A Scharschu, F Schmitz, E H Schulz and W Jenge, H Stager and 
H Zschokke B Strauss, J Strauss and J W Talley, R Stumper, G Tammann and 

co workers J G Thompson, N S Torsueff , S Tungay T H Turner E V alenta, 

J S Varnck and F L la Que, R W addell, B Waeser E Wellman, H Whitaker, 

H Williams T R Wilton, J K Wood, C F Wurth, A C Yorke, and \ Zsak 

E C Rollason discussed the intergranular corrosion of stainless steels 

J F Kayser said that most of the useful heat- and acid-resistmg alloys of 
nickel, chromium, and iron fall within the area abc , Fig 450, and the best of these 
within the shaded zone def Alloys m the dotted region to the left are brittle, 
those to the right are difficult to work m the foundry, and when cast are unmachm 
able Tbe stainless irons fall m the region gh, and alloys falling in the region about 
Jc have been exploited P A E Armstrong found that the Cr-Fe C alloys with 
a composition withm the shaded area, Fig 451, can be rendered immune to food 
acids by heatmg them about 300° above their upper transformation point, and 
cooling them rapidly V Duffek found the rate of corrosion to be faster, the 
higher the proportion of contained carbon E C Bam and co- workers studied 
the intergranular corrosion of austenitic stainless steels, and J Cournot and 
L Halm, the effect of polish 

According to J K Wood when cliromium is added to steel, it forms a solid soln with 
the iron, so lessening the tendency of the iron to go into soln Sufficient c hi omium in an 
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iron allov ill reduce its corrodibility to zero 4.31 r , I*r r T' ,, ii in add* d iocs 1 * *, bo we*** 1 ; 
go to the making of the iron chromium solid fair but s s I'-r irn ,r idea 

pre^nt so that the higl^er the carbide consent the jpv*ver a’TOj*** * < 5 1 1 tc lam ** 
to confer immumt\ *roro corrobion On the other hand n* *sbi hfi f,, i i r n,t ♦ w* I^tiucc 
+ he carbide content bt inducing a fine martenoit c strut tjure uni*?*! n i t a? 
chromium available to protect the i’ r oxi Xne a^t on in 4. *« 1 

point to occur at a lower percentage of carbon thus, with nn *.V in i / t M * ? * 
tarries 0 85 per cent carbon, but with 4 per cent c^rom ir tlctau ,< atur***. > f* 5b 
per cent carbon, and with 12 per cent chrom uni, it , t , 1 w i*t tt carbon 

Consequent h , much less carbon is needed + o produce tre % ar <31*4 *. *• ti cl nr cr m n steel 
when chromium is present 


Fe 



Fig 450 —The Acid and Heat Resist Fig 451 —The 4cid Resistant of the 

ance of the Ternary Alloys Fe Cr Ni Fe Cr C Anoys 

The pi^sivity of the iron chromium allot was «tu*re(t bv L C Biv **** nml 
U R E\ans, C Benedicks and R Sundberg, R Borcners, W Gtier*Vr, J Hua* rg„ 
J Hinnuber, E Liebreich,E Liebreich and \V \\ ^edercoP, 0 Me ei and K 
P Monnartz, J H G Monypenn}, W T Muller, W J Mu tr and I Nuack, 
W Oertel, H Stager and H ZschokLe, B Straus-, B S+ra<^- **nd I H ^L<ber, 
B Straubs and E Maurer, J Strauss, G Tammann, and G Lriwn^ ami 
E Sotter 

Accordmg to J H G Mon} penn\ , a polished simple of *ta nws e 1 * about 
12 per cent chromium steel, when heated m air, assumes a «er e- of tunp*; cc T Ouis 
similar to those of ordinary steel, but at a considerably higher temp , a gre\ film 
appears on a polished surface at 750 r -825°, but this interfere® \erv L+ ewi the 
polish , above 825°, the steel begins to scale appreciably bu + it ** xr ort resistant 
than nickel or vanadium steel Increasing the chromium to 20 per cen* makes 
the alloy still more resistant to surface oxidation a+ hign ten p , and tips is still 
more the case with 30 per cent chromium L B Pfeil observed tLst a three- 
layer scale — vide supra — is formed on stainless steel when it m neated for some 
hours m air , and that the inner layer contains 3 5 tunes as much chromium, as 
oxide, as the original steel, whilst the two outer la} era contain otfy a fraction of 
that amount of chromium P Oberhoffer and K Daeves observed thu* pollened 
surfaces of steels with 0 3 to 0 5 per cent carbon, and 15 to 20 per cent chromium, 
preserved their polish when kept 18 hrs at 800° m an oxidizing atmosphere 
B Strauss and E Maurer also made observations on the resistance of hi gh 
chromium steels to rusting For the observations of H O Forrest and co-workers, 
mde corrosion Y Utida and M Saito found that the gam in weight in grains 
per sq cm when samples are heated for an hour at JlOCr , and the loss in weight 
m grams per sq cm when samples are immersed in 10 per cent soln of the acids 
for 24 hrs , were, for steels with 0 06 to 0 11 per cent carbon, and 
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per cent of carbon and the indicated proportions of chromium, are summarized 
m Fig 452 JAN Friend and co- workers noted that the resistance of chromium 
steels to corrosion by sea-water is better the higher the proportion of chromium— 
up to 5 3 per cent Cr The subject was discussed by J Strauss and J W Talley, 
D J McAdam, H H Abram, W Guertler and T Liepus, P S Menough 
L Aitchison, W Rohn, T McKmght, W B Amess and J N Ostrofsky, and 
W M Mitchell T S Fuller studied the action of steam on the endurance tests 
F M Becket patented the use of high chromium alloys for resisting high temp , 
and the subject was discussed by C E MacQuigg J H G Monypenny found 
that the 12-13 per cent chromium steel is corroded m towns, and particularly m 
the neighbourhood of factories, where the air contains distinct amounts of acid, 
and large amounts of dust, so that the metal becomes coated with dust which 
may adhere tenaciously When the dust is removed, the polished surface may 
be marred by minute pitting, though the actual corrosion is exceedingly small, 
and out of all proportion with the rusting of ordinary steel In the cleaner 
atm of the country, or indoors, the metal retains its polish for long periods 
W G Whitman and R P Russell studied the effect of oxygen dissolved m 
water on chromium steel L Gruner stated that the presence of chromium 
favours the corrosion of iron by humid air, sea- water, and acidulated water , but 
there is something amiss with this observation P Monnartz observed that steels 
with a high proportion of chromium— say, over 40 per cent — resisted two years’ 

exposure to a laboratory atmosphere without losing 
then bright lustre, and they also resisted nver- 
water and sea water — but alloys with less chromium 
are not so resistant JAN Friend and co-workers 
observed that if the corrosion factor for steel with 
0 29 per cent carbon and 0 39 per cent manganese 
is 100, the values for alloys with 1 12, 3 58, and 5 30 
per cent of chromium are respectively 85, 58, and 
43 for tap- water , 60, 26, and 23 for sea water , and 
93, 30, and 21 for steels subjected to alternate wet and 
dry conditions J H G Monypenny found that ordi- 
nary tap-water has no perceptible action during the 
exposure of either hardened or tempered steel , nver- 
water, and well water have usually no action , and sea-water is without action if the 
metal is wholly immersed, or alternately wet and dry , but under the prolonged action 
of spray, some pitting may be produced JAN Friend observed that II 73 to 13 40 
per cent chromium steels resisted atm corrosion almost perfectly, and they 
also resisted sea water very well, although there were some severe localized pits 
developed by exposure to sea water J H G Monypenny found that stainless 
steel resists the action of superheated steam remarkably well, even when the steel 
steam fittings are m contact with ordinary nickel or copper alloys used for the 
fittings According to O Me}erandK Reesch, the rusting of 13 per cent chro mium 
steels commences whenever the potential falls below E H =— 0 015 to — 0 010 volt 
In acidic soln , the potential of chromium steels becomes more positive and the 
rate of corrosion decreases with an increase in the quenching temp The higher 
the carbon content of the steel the higher is the temp from which the steel must 
be quenched m order to prevent rusting, as the more nearly the structure approaches 
a single solid soln the greater is the chemical resistance , m this sense, therefore, 
carbon must be considered as an objectionable impurity in rust-resisting steels 
Soln of ammoni a, al ka l i hydroxides, or alkali carbonates have no perceptible 
action , and no attack occurs m damp atmosphere charged with gaseous ajnnmTHft 
A Kruger said that although chrome steels are attacked by hot, dil acid soln , 
they resist boiling alkalies The material also resists hydrogen dioxide, and soln 
of sodium sulphide According to J H G Monypenny, 5 per cent soln of the 
following salts, during 4-5 weeks’ action, produced no visible corrosion on immersed 



Fig 452 — The Corrosion of 
Chromium Steels by Acids 
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sampler alkali carbonate* or h\arf>carW*i*^ * *i 4 r* cr sulr v * f * 
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J H G Mon}penn\ found that 12-13 ju rent chr* nu **• 
b\ i dil soln —5 grms per litre — of ammomum chloride ^ b> u. 
while a piece of mild *teel ba&h corrod* d anJ ? o^ j .o 
There was also a slight attack durng two months ex£ J u re ♦* » 
grms per litre — at ordinary temp Soln of ammonium sulphate u 
action when dil ,but the chromium steel a slowH attacked r >' ^ 

5 per cent and a sat soln of potash-alum, staml* * s+ee * 4 r 
and 0 008 mgrm per sq cm per hour, under cond +sl wL* x* M 

respecti\eh 0065 and 0035 mgrm per sq cm per boa* ° j 
soln of ammonia-alum Soln of feme chlorine, e\er ^vir f r % 
the stainless steel , similarh aLo with feO'n of copper chloride , ‘ 

soln of mercuric chloride is fairly rapid Dil *uin cf j f ** 4 * hit 
sulphate ha\e no action, but cone soln attack tne metal— com - r & f *** * if 
have an acidic reaction , 

J H G Mon} pennv observed that hydrochloric acid u*\* ** * 

quite readil}, and m 24 hrs the loss m ragm* per -q cm p r h* **r tv/n A H* 
and 5xY-HCl was 0 82 and 5 00 respective!} under coudzt n- *nrt the vr> *« 
with mild steel were respectrv el} 1 84 and 6 80 P Koetz^c3xb.r fo r d H t ebrom* i T ^ 

decreases the corrodibilit} of cast-iron m h}droch3onc aud \ it 1 ^rlu 1 to 

showed that chromium increases the corrosion of i r on by bvdro^ u r * ^ d— ^ i it 
supra W H Hatfield obtamed the results mdicated in Iab J e 1 XX\ f( r the i‘ ^ 
m weight in grams per sq cm after 24 hr* 5 immersion at 1^ 


Table LXXV —Action of Acid ox Celrovi^ >Tbx.L* 
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W H Hatfield found, m grama per sq cm in 24 hrs 
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W Rohn observed the relative losses in weight in grams per sq dm , with N=not 
annealed, and A = annealed steels, in 10 per cent acids 
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The presence of 0 25 per cent carbon, or of 1 per cent of manganese, or 1 percent 
of silicon increased the corrosion — vide tnfra , sulphuric acid H Gruber observed 
that plates 60x13x12 mm of 25 per cent chromium alloy gamed m weight on 
on an hour s exposure to hydrogen sulphide 


700 800 900 1000 

Gam in. weight 0 58 3 2 8 0 13 2 


L Vermtz and A Kudinova found that the allov resists the action of dry sulphur 
Chlorides— S 2 C1 2j and SCl 2 J H G Monypenny found that stainless steel is 
attacked by "sulphurous acid owing parti} to the sulphuric acid always present 
m commercial sulphurous acid M Faraday and J Stodart, L Gruner, and 
P Berthier noticed that, in general, iron-chromium alloys are less readily attacked 
by acids than iron, and the attack is less the higher the proportion of contained 
chromium , and similar observations were made by G W Heise and A Clemente, 
E Frenry, J Fritz, and J B J D Boussingault P S Menough, and Y Utida 
and M Saito observed that chromium lessens the attack by sulphuric acid 
R A Hadfield exposed samples of chromium steel to 50 per cent sulphuric acid 
for 21 days and found the following percentage losses 


C 0 27 0 77 0 71 per cent Mild Wrought 

Or 1 18 5 19 9 18 „ steel iron 

Lobs 3 32 4 78 5 64 Loss 7 48 44 7 per cent 


1 

$ 




For the observations of Y Utida and M Saito, and of W H Hatfield, mde supra 
JAN Fnend and co-workers found that when the corrosion factor with steel con 
taming 0 29 per cent of carbon and 0 39 per cent of 
manganese is 100, the values for steels alloyed with 0 12, 
3 58, and 530 per cent of chromium are respectively 
71, 68, and 68 for 0 15 per cent sulphunc acid, and 
223, 61, and 78 for 0 5 per cent acid W Guertler and 
W Ackermann represented the loss m mgrms per sq 
cm per hr m sulphuric acid of sp gr 1 005 by the 
curve Fig 453 P Koetzschke and E Piwowarsky 
found that the addition of up to 1 per cent of chromium 
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Fig 453 — The Action of w w 

m grey cast iron had a marked effect on the corrosion 
iSgT Ir ° n 01110111111111 by acids, but not by salt soln A Carnot and E Goutal 
found that steels with a small proportion of chromium 
are readily attacked by cold, dil acids, but if the chromium steels are highly 
carburized they are attacked more slowly than when only a small proportion 
of carbon is present W Borchers and P Monnartz patented an acid-resisting 
steel with 10 per cent of chromium and 2 to 5 per cent molybdenum Observa- 
tions were also made by J A. N Friend and co-workers, who noted that up to 
5 3 per cent chromium steels resisted attack better the higher the proportion of 
chromium E J&necke noted that hot 1 1 sulphunc acid attacks the iron- 
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J H G Monvpennv fourd that the ]<** w i «** * ? ^ p#r u * a* itm 

temp during 6 hrs attach with 3, 33, ind 5o pr te* + * * 4 p ir < 1 we** r p< 

tiveh 1 98, 15 8, and 050 with the 0-23 per <vn+ c a iL'ljwrn^ * A r> .»in 
steel, and with mild <*teel, respectivelv 3 lb 11 33 i 0 2 > J < Jl jtj> t* * 
with 50 per cent sulphunc acid, on c^romum %+tei ij*i * t %*>f 4 +< e r a i * *** 
were respectively 0 26 and 010 M Sautageot an 1 L Liu;>* n * -and + v i+ ne 
with about 13 per cent of chromium -were all pra *n uni**» 1 b, nitre 
acid of ant cone at am temp , out tne rnxe 1 ^tce* r»{fS Vwi t w 
25 per cent mtru acid and slowly m cold ac a o* t if < p < i d 
of a higher cone than 30 per cent was without < ♦ on JT „ j T** j < * e I 
steel was b\ far the most resistant to the action of *»«■ t •] ] w * *< J ♦’ c 

samples were badh corroded b\ hot, 20 per cc* + l Mjp.ira 1 

practicalh no action on the nickel steel wb&tcter tne temi o o to i*ih o* » >*« 
the other steelb showed a maximum rate of di-^oV • n in 4*> to 45 j ^ *r* *, d 
The subject was studied b\ J Fntz 

Both copper and feme sulphates occur in mine-waters .long w 4 % mil/ur'* 
acid , with a soln of 100 grms of copper sulphate per litre 1 ^ w?**, o V 

per cent carbon and 12 6 per cent chromium, no a* tion occ < * tee id*t on a 
sulphuric acid until 75-100 grms of H 2 S0 4 pr litre '* pe^ex 1, a*rer "-Li 4, tie 
of attach is determined by the cone of the copper salphvc in ^uin J *^ r ptr 
sulphate is gradually adaed to a dil soln of sjlphar c at si b*\,W groL Hd*0 4 
pr litre, the attach on the steel increases rapidly Floccmer* ccpi^r s ite| w f co 
on the steel and appears to set up electrochemical action W hen nc iF\ 2>* sr ^ 
pr litre have been added the attack falls of* rapidh and noop cea-t* 

The amount of coppr sulphate required to ©top *ne reaction is reutitel* it*% 
the smaller the concentration of the acid The stetl thus acquires a Imd of p«- 
sivit\ W H Hatfield found that the amount of feme sulphate requires to j> T e\ ent 
the attach of sulphunc acid is proportional to tne com o T tm *uiphur«i a? id 
With hardened and tempred steel, no attack occurred if tit con p of tfte feme 
sulphate is twice that of the free acid, while with hardened steel the iff 3 **t 

was produced when the cone of the feme sulphate is ore frftn tmt of tie free 
acid J H G Monvpemry made observations on this subject # ani he also found 
mine waters with coppr 14 7 to 16 parts pr 10000<> fern* im% 71 2 +o lt& , 
ferrous iron, 160 , free sulphunc acid, 14 to 30, did not act on stamleas steel, *hough 
it rapidly attacked ordmar} mild steel 

F Adcock found that solid or molten allots of iron ard thromrim take up 
nitrogen, and m quantities which increase with the proprtion of chromium 
Allots with near 12 pr cent of chromium, m contact with nitrogen acquire the 
martensitic structure closely resembling that with the iron carbon illoy* The 
BrrneH b hardness can be considerabh modified b\ neat treatment, and ranges 
from about 115 m the annealed state to 315 when quenched above the entna! 
range Host of the allo>s containing nitrogen m the range 20 to 60 pr cent 
chromium, present a two-phase structure except m some case* where the material 
has been quenched at a temp immediately below the m p Uthoagh one of these 
constituents mvanabl} develop a structure of the sorbitic or pnurutK typ on 
suitable heat treatment, these changes are not accompanied b\ any great v triation 
m hardness This parlitic or lamellar tjp of structure, which characterizes the 
alloys with 20 to 30 per cent chromium containing nitrogen, is known to De absent 
from the corresponding pure iron-chromium allots Further, the deliberate 
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addition of 0 05 per cent of carbon to an alloy with approximately 28 per cent 
chromium, free from nitrogen, fails to produce any signs of a lamellar structure in 
the furnace cooled material, although a considerable amount of a second constituent 
is visible Consequently , the presence of nitrogen m iron chromium allots can 
gn e rise to structures closely resembling those general!}' attributed to carbon in 
ordinar} steel, and, further, that at high temp , the pure alloy s of iron and chromium, 
whether solid or liquid, readily absorb nitrogen from the atmosphere S Satoh 
studied the mtndization of these steels by heating them m ammonia at 560° to 
580° E Muller and H Barch studied the action of mtnc oxide 

P Monnartz, and J G Thompson observed that the presence of chromium 
greatly mcreased the resistance of iron to mtnc acid , and with alloys containing 
up to 20 per cent chromium, he concluded that the 
resistance of alloys with up to 4 per cent chromium 
to dil mtnc acid decreases as the proportion of chromium 
increases, but the resistance to attack by the cone acid 
is greater The resistance of allo}s with 4 to 14 per 
cent chromium to dil mtnc acid increases rapidly as 
the amount of chromium increases , and as the pro 
portion of chromium rises from 14 to 20 per cent , the 
resistance to attack by dil acid increases slowly 
W M Mitchell, ESP Bellinger, G Grube and W von 
Fleischbem, W B Hue}, W H Hatfield — vide supra — 
and Y Utida and M Saito observed that the mtro 
duction of chromium lessens the attack by nitric acid — vide supra W Guertler 
and W Achermann represented the loss m mgrms per sq cm per hour m nitric 
acid of sp gr 1005 by the curve Fig 454 G Grube and W yon Fleischbem 
observed that the rate of dissolution of the alloys in dil mtnc acid diminishes 
with increasing chromium content , when this reaches 12 5 mol per cent , the rate 
of dissolution of chromium diminishes suddenly , and when it reaches 25 mol 
per cent , falls suddenly to zero and the rate of dissolution of iron also shows a 
sudden drop to a low value The iron dissolves more rapidly than the chromium 
relatn ely to its proportion in the surface layer The protective effect of small 
proportions of chro mium on the iron may be due to the dissolved chromic acid' 
rendering the iron passive The resistance of a bar is not diminished by rolling 
to half its initial diameter E Janecke found that boiling cone nitric acid is 
without action on the higher chromium alloys J H G Monypenn y observed 
that at ordinar} temp , the loss m mgrms per sq cm per hour, during 5 hrs , 
vanes with the proportion of chromium in the steel as follows 


0 % %MolCr 


Fig 454 — The Action of 
Nitric Vcid on Iron 
Chromium AJlovs 
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Thus, the attack by the cone acid is greatly retarded when over 4 72 per cent of 
chromium is present, and with dil acid, when over 10 per cent is present At 
80° to 85°, the results were 


Cr 10 6 ill 12 2 13 3 14 4 per cent 

T tNHNO, 115 16 5 109 0 41 0 27 

^°^15NHN0 3 0 03 — 0 025 0 01 0 005 

and with a steel with 12 2 per cent chromium at 80° to 85° 

HN0 3 0 IN 0 2 N 0 5JV A 2N 5JV 

Lobs 4 90 8 82 15 13 1 09 0 20 0 025 

and at ordinary temp in a 5 hrs’ and a 24 hrs’ attack the losses in mgrms 
per sq cm per hour, were 

HNO t 0 01 N 0 21* 0 5N- N 2N 2N 

5hrs 0 40 065 111 153 061 001 

^^24 hr* 0 355 0 50 0 72 0 395 0 115 0 00 
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In genera, the '•tamle^ -ttel with 12 t '3 \»*+ r «* i v *n ra ir **r 1 ** 3 t * * * * * 

< traoi ib attacked bv n tr t n A at o r ur ir t* n p » * v <r i r ** *• * *t * * 
i^lute — tv, le**> thtn 53 H30> or 1 2a s*» jrr i a i ♦** 
electing i "Uit^ble ^teel even *hi" itUtx n t\ * tt T «r*>' H t 
^teel na\ ulumitch be useful m tie rnr J/*ur a 3 rM r , . * r* '* t 

The attack is augmented bv rai^irg +1*> *«np a i * mn 4 * * r *. tf * 
jercentage of chromium m the aPov V* i rt-/ I * ^r T '*** 

Ttuk at ordnarv temp or at &o Tin * , fc ■» , , ♦ r t r* * *•> sr* ' 

i^crea^es the tendencv of *ron to become i* m n/ T * t lh * ’ * f 
copper ntrvte or ferric nitrate along w*ti» r ,4 T iln n "’ * c tT *< + <* * 4 * 

corresponding sulphites on ttie attack bv Mi J p* ?rc*ii I Ti*< T'* < 2 c < * K iir ' 
of copper as nitrate, or 5 grn s of iron a^ i itri + e rr tv* ^ m vr» * +i » 

attack of 3 -HN0 3 on steel with 0 3 per ten* < t*vo t d 12 o j * r *.* i r 7 n 

\\ 31 3Iitchell, and E S P Bellinger i th* ih ^ ^ r < <r 

chromium allovs of iron, in tbe constructor <f * t »p, 4 » r *<t ♦ i T ” i* <* r» 
and handlmg of i itnc acid G Tatumim tred th* Ivp *V •* f i 1 r > r r * 
itom m the surface of iron can render ai a ij *cn f *n»r j i * * d* 

so that the (101) face of a crv^tal should become pa** v w*ien i’ 2" >oj t r ^t*f 1 
of chromium, and tht (100)- and (111) face^ pa-^ve w t» 37"# P* - va 

tion actuaih occurs with less, namelv , 0 16 to 0 2$ moleca’e u* * hr >r ui ll* f 
pavsmtv is affected b> other conditions— the nature of t v e 
treatment of the allo\, and the nature of the suond tonui^r 

According to J H G Monvpenm chromiam ^tcel i a^o i** * k»u * ’ 

phospbonc acid The losses m mg^m^ per sq cm je^ ftour *i + l "» 2" u i * ♦> 3 
per cent phosphoric acid were ropechv e!\ 0 050 0 20 ^ d M 47 v it* + b» # hr > iv 
steel, and respectivelv ill, 2 60, and 4 62 w^th m \ <eti 11*> * ^ v i** 
studied by P R Kostmg and 0 Hems, rad A 31 Pirte j»i «*i 4 V ^'iloircce 
According to J H G Monypennv, a soln of 20 7 grin** of bone acid |t* L f r^ he 
no action on this steel HRS Clotwor^hv recommended * in 

resisting the action of carbon disulphide The action of d** acetic amd or vinegar 
\anes in that some \ megars contam appreciable amounts of «u ? pht’r t c m a Cue 
others are free from that acid P Kotzschke fourd that cV*>n*am dt r i 
the corrodibility of cast iron m acetic acid According to J H It Mo* vpemrv, 
ordmaiy malt \megar has 4 to 5 per cent of acetic ac <1 The lo^ev wS < > 1 » 
33 per cent and glacial acetic acid, during 14 davs, were respective!* doll 0012 
0 012, and ml mgrm per sq cm per hour, and with mild s*eel, rfsp* tAeu 
0105, 0115, and 0124 mgrm per sq cm per hour Expressing tne ‘o^es m 
mgrms per sq rTn per hour respectivelv with thromnnn &teel a T id o^tk^rv 
steel, 5 per cent c&xbobc amd, with 14 days exposu , ne hm losses and 0*003 , 
6 per cent citric acid* m 7 davs’ action, bad los^ev 0011 ind 0 260 10 j#er cent 

formic acid in 12 days’ action, had losve*' 026 and 0 33 ol^n atal had i o actmn 
on the chro mium steel during 14 davs exposure normal o x al i c a ci d* m 10 davs 
action, gave losses 0021 and 0036 , 10 per cent tazmic acid* iu 14 A v v tc+ion, 
had losses ml and 0 0042 , and m 14 days action, norma 1 tartanc amd h id looses 
0 0085 and 0 062, and 25 per cent tartanc acid 0 022 and 0 14 J G Thompson 
studied the action of aq soln of urea and of a nrrnont nni carbonate ! H 6 3lon v - 
penny found that, m general, fruit juices ha^e i similar action to thd of \n eg it, 
though their corrosive power vanes The pure acid, the *unt ^tr< Lgth *«s the 
icid m fruit juice, has sometimes the greater action — eg \inegir a* id a etic a'ud, 
or lemon juice and citnc acid Pos^ibh the natural fruit juice tout* ^ome 
colloid which acts as a retarding agent — tide supra the corrosion of an i 'd ^tee l 
Xo action was observed with lubricating oils, greases* paraffin* benzol* or petrol 
R Tull discussed the resistance of the allov to smoke 

General discussions on the u^e of chromium steels have lieen contribute u bv 
C B Beilis, E Lieveme, T Blair J Ohlv,T H kelson, T H Burn’^m T 1> Coi 
field, W M Mitchell The so called stainless steels are essential uiromxum 
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steels containing from 12 to 15 per cent of chromium, tut their general properties 
are greatH affected by the carbon content, which may vary from 0 1 to 0 5 per cent 
The diseo\ery of the non-corrosive properties of these steels was made by 
H Brearley, in 1913, but, owing to counter-attractions, a British patent was not 
obtained, although they were obtained m Canada m 1915, and m the United States 
m 1916 He claimed an alloy steel with from 9 to 16 per cent of chromium and 
less than 0 7 per cent of carbon, and gave as an example an alloy with 0 30 per 
cent of carbon, 0 30 manganese, and 13 0 chromium A great variety of steels 
can be obtained by modifications of the central idea Thus, by varying the pro- 
portion of carbon or manganese, and heat-treatment, steels of widely different 
hardness can be obtained, but all have the distinguishing property of great resist- 
ance to corrosion According to J H G Monypenny, with a fixed proportion of 
chromium, and the same heat-treatment, the resistance to corrosion will be greater 
the lower the proportion of carbon , and with a fixed proportion of carbon, and the 
other conditions equal, increasing the proportion of chromium augments the 
resistance The mechanical properties of the steel, conditioned by the heat-treat 
ment, are often as important as the degree of resistance to corrosion, and this 
restricts the permissible variations m composition The cost of the chromium 
is also a factor to be considered Hence, taking all things into consideration, 
H Brearley considered that the proportions just indicated are best for commercial 
alloys Silicon raises the temp of the Ac r change, and also the temp required 
for the complete dissolution of the carbide, and hence, higher hardening temp 
are needed to obtain similar resistances to corrosion when silicon is present 
H H Abram reported that high-sihcon steels resist some chemical agents better, 
but their superiority over low silicon steels for resisting the weather, and sea-water, 
is not evident, and it exists only in tempered, high carbon steels The effect of 
nickel favours the mechanical properties of steel , and up to 2 per cent of nickel 
slightly favours resistance to attack by acids Hence, additions of nickel can be 
made to suit the physical requirements B D Saldatwalla showed that 05 to 
1 5 per cent of copper considerably improves stainless steel, and this was con 
firmed by J H G Monypenny 

According to J H G Monypenny, in general, a heterogeneous steel is more 
susceptible to attack than a homogeneous steel, so that when a steel is hardened 
by quenching, it consists almost wholly of martensite and is then m its most resistant 
form , while if the steel be annealed so as to produce a complete separation of 
carbide and femte, it is m its least resistant form In the separation, the chromium 
has a tendency to accumulate m the carbide at the expense of the ferrite, and the 
femte is then more liable to attack , the separation also means that galvanic 
effects may be produced which hasten the corrosive actions The greatest resist- 
ance to corrosion was obtained by quenching the steel from a temp sufficiently 
high to dissolve all the carbide it contains The har dn ess of these hardened steels 
persists on tempering up to 500°, and this does not markedly alter the martensitic 
structure of the steel, nor does it have any notable effect on the resistance to cor- 
rosion As the tempering temp is raised to between 500° and 600°, there is a 
marked fall in the hardness, and a slightly lessened resistance to corrosion The 
martensitic structure changes, and small carbide particles coalesce to form larger 
ones , by tempering at 750° the effects at 600° are more marked S imilar remarks 
apply to material annealed at a high enotigh temp to give a pearlitic structure 
As indicated m connection with the corrosion of iron and steel — vide supra — most 
metals, including the chromium steels, have a greater tendency to corrode when 
they are distorted bv cold work V S Polansky compiled a bibliography of the 
stainless steels , and observations on their corrodibility were made by L Aitchison, 
H Hubert, H G H Carpenter, etc A Matsubara and J Takubo found that 
copper pyrites m dil sulphuric acid is decomposed cathodically into hydrogen 
sulphide, cuprous sulphide, and ferrous sulphate, and, ultimately, into metallic 
copper , preliminary anodic polarization produces the reverse effect of that observed 
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with iro i p\ rites Copper pvr,n whir * \w« » n t ;^ 4 }j*rn £* i / *ew T * *1 
qi mtities of decomposition pnxiuiN It - A \n +* 4 * t> f * ft, y 4? # ♦^e 
miners *hich is di^oncd durcth h\ +*& & »i ew* i ♦ r, u «• ' ^ *r* ** J 

condition, the degree of *oniZi*4or n* ,*♦ ,* *■ . ta* * r \a 

0 035 to U 305 1 1 

O K Parm ter ga\e tr e fo'Umng ccmparH-n e j t* e ifloe* f 1 1 r v> * m 

tcnp n carton bteel stainless Pteel w th 13 per - e t i r a: *<a , *f * f 

cent tr and 8 per cent >u respectneiy K 0 per ceM _«>**<* j * **, * t , o, 

not attached 33 per cent acetic aud attacked a**a. kM - - 1 a ^J ^ n * * * * 

acid attaiked attacked, not attacked lOOpe-ren* hi rs+irt. * I i - * u s * 

attacked attacked 33 per cent acet c and \apour a *twa ana * 3 « u ,j a a a 3 

100 per cent acetic anhydride attacked attacked * atta *-t 1 jj; n* . ♦ ; , 

attacked alight ooirosion rot attacked 10 pc* <*r+ <u n _ i *«i * k* i * 

attacked 1 5 and 10 per cent o»t fmr*j*n SiOpl 3 t #i M a>k*Hl a ♦ 1 > ^ d 

ammonia >sp gr 0 880, not attacked rot attacked nc+ a* af* 3 * ^ 
ammorium chloride soln , attacked biightl\ anatked rot anac* „ ** 2? >< r 

ammonium chloride (boiling soln , attacked a^acked len ^ eh* \ a *a k 4 ^ t% r » ut 

soln of flmmon-tfw ntfrerff attacked not attached net i/fa'an* * * ~ x * 

ammonium sulphate, attacked attacked not n*+w Iced ar^rr* i c t * m ** 

J-5 per cent sulphuric acid t at >0 attacked attacked atta ker 

attacked not attacked beer attacked rot attacks ro + at*ar*>d r 1 ze*t r * i* ♦ A t, 

not attacked not attacked aq suspension of *Uwh rj f<,t,dfr atta* v V* ** » T * \ 

attacked 5 per cent soln of 6or*r and attacked ret at*acke<# v a + r ** ** ** 

attacked attacked attacked, 0 83 1 65 3 3 pe- cent hre^rrewanr iud a**^ -« w. 
attacked 0 165 0 33 per cent bromine water atta ked a^ark^c* \ shi.^ * 4 **sw ted 
10 per cent soln of calcium chlartd*, attacked H3*g 1+ h A*tat*w*c r'i 1 * 0 *f>t* rm* e 

acid attacked, attacked not attacked carbon *et^tdorde, rrt dt^mei -t* 

attacked wet and dry chlorine gae attacked attack? d attached m * * >rw j r 
acid attacked attacked, not attatked i0 per rent ehfcjro*'uV a 1 a+*a jui! 
attacked attacked, 0 5 per cent chloxoaulphon c aud attacked tar Led r * at*a/K^d 
cider , attacked not attacked not attacked all ccrcen+rat * *r . w f a*V Led, 
attacked, rot attacked cone aq extract of coffee attacked rot 3 n + att^kcr 

Congo copof {3^0"), attacked not attacked coral tarn t* n * i ^rt 

attacked, not attacked , sat soln of copper carbonate m ammonia a*\iu m i, r t a*?a^ a *" 
not attacked 5 and 10 per cent soln of copper rtlonde attacked at+ac*.eil a*ta at J 
10 per cent soln of copper sulphate attacked not attacked not attained, topper #u fl ate 
(10 per cent ) -J- 2 per cent sulphuric acid attacked, not attacked not at*aexed rtc\^«orer* 
(a; hydroqmnone attacked, not attatked, not attacked (b ) metolhyarofpttn^e at + a, ktd 
not attacked, not attacked , (c) pyroyallol , attacked very slightH a*tac«# d r^t at 4 a+ a j , 
100 per cent ether (ethyls not attacked, not attacked not attached 1<^> per ert <**#1 
chloride , attacked, not attacked not attacked , 5, 10, and 15 per c^rt Jem*' r*T^r w 
attacked attacked attacked , food pastes, attacked not attacked, nt at«a-**ed prr 
cent formaldehyde , attacked not attacked not attacked 5 25, ** ana 10u per ur # 
formic acid, attacked attacked not attacked 50 per cent forma mid ibc’brg a*ta ke 1 

attacked not attacked (40 hypo 2 5 pot met ) fixing soln d a *ar k^i 

rot attacked , horse radish cream , attacked, slightlj attacked, not attacked 
trations of hydrochloric acid attacked, attacked attacked hydrofluoric u~ i, a*ta Led 
attacked, attacked inks, attacked not attacked, not attached m od nf n 2 parts of 
potassium iodide, attacked, attacked, not attacked, sat lact e acd attacks a at*a**aea 
not attacked lemon , attacked, not attacked, not attacked r >me juice a^+ac Let] \en 
slightly attacked practically not attacked , lime and bmestoru attacked net a +&* k^d 
not attacked , lubricating oils, not attacked, not attacked not attacked 2 per oen* ard 
cone soln of lysol attacked, not attacked not attacked 10 per cent soln of 1 * (*ji n* jm 
chloride attacked, attacked, not attacked , 10 per cent soln of maeptes um s * plat*, 
attacked, attacked, not attacked fresh and soar milk, attacked attacked not at+a* *ra 
(65HNO„ 25 H v S 0 4 10 water) mixed or mine sulphuric and (at 5G 3v attacked, not atta; *cd 
not attacked , mine acid (sp gr I 42), not attacked, not attacked n>t attached r *nc 
acid (sp gr 1 20) attacked, not attacked not attacked , up to 11 per cent mtm aud 
attacked slightly attacked not attacked nitrous acid (sp gr 1 41 < attacked rhght 
staining, not attacked , 5 per cent nitrous acid, attacked, shgbtlv attacked not a + tat Led , 
IOO per cent oleic acid, attacked not attacked, not attacked oranges atta ned ana* Led, 
not attacked , 5 per cent soln cd oxalic acid attacked attacked, not attacked yomffn 
not attacked, attacked, not attacked , paregoric compound, attacked badly stair ed 1 ct 
attacked petrol, not attacked, not attacked, not attacked 100 per cent phosphor r a> 0 
attacked, slightly attacked, not attacked , 75 per cent phosphoric acid attacked attacked r ot 
attacked , 5 25, 50 per cent phosphoric acid attacked slightly attacked not attacked 
* pickles, attacked, not attacked, not attacked picric acid (alcoholic) attacked not attached, 

pot attacked, 10 per cent potassium nitrate, attacked, not attacked, not attacked 
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pyrogallol, attacked not attacked, not attacked , moist salt (cerebos), attacked, attacked 
not attacked , moist salt (ordinary ), attacked attacked not attacked sauces, attacked no 
attacked not attacked sea uater attacked attacked slightly attacked sea water (80°) 
attacked, attacked not attacked , sea water (agitated) attacked, attacked not attacked 
sea water (intermittent spra\), attacked attacked \erv slightly attacked , 100 per cent 
sebacic acid (at 140°), attacked, attacked attacked 3, 5 10 per cent soln of sodntn 
chloride , attacked, slightlj attacked not attacked 3 5 per cent sodium citrate 

, not attacked not attacked 33 66 per cent soln of sodium hydroxide , noi 

attacked, not attacked, not attacked sat soln of sodium sulphate attacked no 
attacked, not attacked 10 per cent sodium sulphide attacked not attacked not attacked 

30 per cent sodium thiosulphate , attacked, all cone of sulphuric acid 

attacked, attacked not attacked, 5 per cent tannic acid attacked practically not attacked 
not attacked 5 10, 25, and 50 per cent soln of tartanc acid (all temp up to boiling) 
attacked, attacked not attacked vinegar , attacked not attacked, not attacked running 
uater (tap water) attacked, not attacked, not attacked 15° water (tap water), attacked 
not attacked, not attacked liquid zinc (450°) attacked attacked, attacked zinc chlondi 
(boiling), sp gr from 1 030 to 1 725, attacked \ ery slightly attacked, not attacked 

The use of alloys for resisting acidic and alkaline soln in chemical plants ha° 
been discussed by A E Anderson and G M Enos, 23 P A E Armstrong, 
F M Becket, T H Burnham, W S Calcott, W S Calcott and co workers, 
C M Carmichael and co w orkers, F J R Carulla, F F Chapman, J Cournot, 
G A Dr} sdale, U R Evans, H J French, E D Gleason, A Grounds, W Guertler, 
H G Haase, R A Hadfield, M L Hamlm and F M Turner, W H Hatfield, 
F W Horst, E Houdremont and R Yasmuth, W E Jominy and R S Archer, 
G B Jones, R Lund, R J McKay, C E MacQuigg, W R Mott, T H Nelson, 
A Porteun, H Reiger, F Ritterhausen, C S Robmson, K Roesch and A Gan 
berg, W Rohn, F W Rowe, B D Saklatwalla, L Sanderson, Y Schmidt, 
E H Schulz and W Jenge, C E Slides, R Thews, G Thompson, S J Tnngay, 
A Vacrn, R P de Ynes, H F Whittaker, E C Y right and K E Luger, and 
A Zemanek The subject is also discussed m more detail m connection with 
specific alloys 

B D Saklatwalla and A W Demmler, 24 E H Schulz, K Sasakawa, and 
J A Jones studied the chromium-copper steels The mechanical tests far exceed 
those of the plam, low carbon, copper steels , the alloys can be rolled, forged, 
pressed, and stamped verj well , and they also resist corrosion \ery well Y and 
G Prefer also found that the alloys resist corrosion E Scheil and E H Schulz, 
C Taillandier, and F B Lounsberry and W R Breeler studied the chrommm- 
alumimum steels L Grnllet recommended mtndized chro mium- alu minium steels 
fox the cylinders of internal combustion engines, and for propeller shafts S Sato 
studied the electrode potentials of the mtndized alloys H Gruber found that 
the aluminium chromium-iron alloys are attacked by hydrogen at elevated temp 
0 Casper, H Moissan, J B Johnson and S A Christiansen, E Valenta, 
W Oertel and K Wurth, V O Homerberg and I N Zavarme, A R Page and 
J H Partndge studied the mechanical properties of chromium-silicon steels, and 
P Bres, their resistance to corrosion , W Denecke gave a ternary diagram of the 
system with up to about 30 per cent each of chromium and silicon The iron 
and chromium furnish a contmuous senes of solid soln with minimum in the 
f p curves No evidence was observed of the formation of the compound Fe 2 Cr, 
or of a eutectic with 15 per cent of chromium The reaction between the solid 
soln of iron and silicon, and the formation of FeSi, is accelerated by the presence 
of chromium E D Campbell and H W Mohr studied the electrical resistance 
and the thermoelectnc potentials , G D Newton, the shearmg strength , 
H H Abram, J N Alcacer and G Gayoso, T G Digges, H J French and 

W A Tucker, F J Griffiths, G A Hawkins and co-workers, W Kahlbaum and 

co-workers, R R Moore and E Y Schaal, T Murakami and K Yokoyama, 
T L Robmson, K Roesch, S C Spaldmg, J S Vamck and co-workers, and 

C F Wurth, the mechanical properties , and J Cournot and K Sasagawa, the 

viscosity S Sato studied the electrode potentials of nitrified fthi wninm - tifamimn 
steels, and of (ffiromium-zircoiiiuiii steels B Stoughton and W E Harvey, 
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bio 455 — The Diffusion of Mol > b Fig 456 — Equilibrium Diaeram of 

^Annm ,n Iron the Iron Molvbden im \ ? io\s 

G Grube and F Lieberwurth, N Agifeff and 31 Zamotonn, and J Lajssns 
discussed the diffusion of moh bdenum m iron F*v 455 has a selection frtsu the 
results of F Lieberwi^th The alloys were described bvJ L Gregg and H W Gmett 
H Lautsch and G Ta mmann made a partial studt of tue bmar\ astern and 
found a eutectic with 43 per cent moh bdenum at 1360° The breaks m the 
cooling curve indicated that a compound *s formed wL*cn decomposes slowi\ at 
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higher temp The compound does not form mixed crystals with iron, and pro 
bably not with molybdenum, but the metals themselves form two series of mixed 
cr> stale W P Sykes* diagram modified by T Takei and T Murakami is shown 
m Fig 456 When alloys with up to 24 per cent Mo are quenched from the 
solidus temp , large pol} hedral grams of the solid soln are formed , if cooled at a 
moderate rate, a second phase — iron tntadimolybdide, Fe 8 Mo 2 — appears, either as 
small globular grams, or as needle like crystals E Vigouroux, and A Carnot 
and E Goutal observed the existence of this compound m alloys of iron and 
molybden um free from carbon T Takei and T Murakami also found a solubility 
of the c phase m the a phase, BG, corresponding with 6 per cent of molybdenum 
at room temp , and 38 per cent at the eutectic 1440° They observed solid phases 
named respectivelv a-, y-, e-, 8 , and S'- , and in addition to iron tntadi 
molybdide, they found iron molybdide, FeMo, exists as the 77 -phase, and it is 
formed by the pentectic reaction melt+ 8^77 at 1540°, and it decomposes by a 
eutectoidal reaction, 77 ^ + 8 , into the e- and 8 phases at about 1180° According 
to T Takei and T Murakami, the tntadimolybdide forms the e-phase, and it is 
formed by the pentectic reaction melt+ 77 =e between 1450° and 1500° on cooling, 
and it forms a eutectic with the a-phase They also studied the lowering of the 
critical points of iron by molybdenum H Scott observed that molybdenum has 
but a slight effect on the temp of transformation of martensite to troostite 
V N Svechmkoff studied the y phase 

E C Barn’s X-radiograms corresponded with hexagonal FeMo, and H Amfeldt 
observed that in the Fe-Mo sy stem there is an intermediate trigonal phase with 
lattice parameters a — 4 743 A , and c=25 63 A , or c a=5 40 The crystals have the 
composition of iron tntadimolybdide, FesMo 2 H Lautsch and G Tammann 
studied the microstructure of the alloys more or less carburized W P Sykes 
observed that BG denotes the solubility curve of molybdenum m iron between 
400° and 1440° The eutectic is made up of iron tntadimolybdide and the sat 
solid soln of molybdenum in iron, and in alloys quenched from just below 1440°, 
it appears as a fine network, while with slower cooling, it has a distinctly lamellar 
structure The solid soln of molybdenum m iron is 24 per cent Mo at 1440° and 
7 per cent at 600° As the proportion of molybdenum nses above 35 per cent , 
massive areas of the tntadimolybdide appear An alloy with 53 per cent of 
molybdenum, when heated over 5 hrs at 1450°-1500°, consists of only one phase, 
the tntadimolybdide This alloy is porous, due to the vol shrinkage accompany 
ing the formation of this compound m the solid state This alloy is non-magnetic, 
those with less molvbdenum are magnetic When alloys with 50 to 90 per cent 
molybdenum are heated above 1540°, the tntadimolybdide dissociates into an 
ixon-nch hqmdus, and a solid soln of iron in molybdenum BE represents the 
solubility curve of iron in molybdenum The line MHN is drawn through the 
Ar 4 - and Ar s -points during pooling The point Ar s marks the change from y-iron, 
with its face-centred cubic lattice, to a-iron, with its body-centred cubic lattice , 
and Ar 4 represents the change from 8 -iron with its body-centred cubic lattice, to 
y-iron, with its face-centred cubic lattice The addition of 3 per cent of molybdenum 
to iron lowers the Ax 4 point from 1400° to 1230° , and raises the Ax s point from 
890° to 980° The addition of molybdenum in iron thus tends to prevent the change 
from a- to y-iron or from 8 - to y-iron in heating through Ar 3 or cooling through 
Ar 4 respectively , that is, additions of molybdenum to iron progressively restrict 
the range of temp m which y non is stable, until , with 4 0 to 4 5 per cent , the body- 
centred form prevails exclusively at temp below the solidus P Oberhoffer 
observed a similar restriction of the range of y-iron with 5 per cent of silicon, but 
F Wever placed it at 1 8 per cent of silicon F Wever also found the restriction 
occurs with about 2 per cent of tm , E Maurer, with 2 5 per cent of vanadium , 
B C B a m , with about 14 per cent of chromium , and W P Sykes, with about 
6 per cent of tungsten T Takei and T Murakami found that with alloys having 
over 63 per cent of molybdenum, there is an eutectoidal change, S' = 8 at about 
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Moljbdenum is more powerful than t-rg-r p , . t. , r ,, !(< (ti , 

percent of mohbdenumeauseo a wider r 2 ir<’ *■» ^ n . ♦ , . Tt t „„ f , 

critical ranges Mild quenching m an i r r>V* <- u e 1 t . ,,, , u4 

complete suppression of the cnt’cal range , t j * t , „ ,< , 

8 per cent moKbdenum, if the nut'll terq. > i,t rx , 4 , r - , , , ’ 

temp .normal points are obtained in + he rec >f ei e nj- * ,n , ^ ,, 
are independent of the rate of heating, or tim* c* -oil qv , («•■*» r if 

recalescence is below the Ac x pomt with 8 per cen* 1 1 .1, b& * vn \ »i - 
If the low temp of recalescence has been e ^ceed*. *ne r«n\ * v r v 'i* j ' ,^r^i 
or split, and as the temp increases, assumes a de^rite <c * t* ♦ r T* -re * n 
some cases an intermediate zone in which ar eqm'ibr jei <*\.»* j *♦*.*■ *-e 
points even with fairlv slow heating, and a 2 hrs soak rg T <-* ,*,*,**,„ w> 

recalescence temp is a progressive function of +he imi ** L t Vie 

more easil}- effected as the proportion of mol\ Dde^uru ircre^*i»% h a t j * 
and longer soaking is necessary to produce tne full hmrr* * Tv L 
^pmich first affects the point, and also that wh en nroductv **■ p rux* u*l h,wtr*TM 
effect, is slightly higher as the carbon content increases T'i* h w 4 ‘t r ' x « r *t 
disturbed by slow cooling or arrested cooling a+ about 80*? i* tn» .tee 1 tmn 
previously heated at 1200° The reco\ er\ of the norma 1 pom 4, is efet f ^- rf t* , repealed 
heating to belowthe lowering temp It is not easih effected h\ a single slow hea t mg 
and soaking The normal Ac* point is found on heating, and no new po 7 *** L%<* been 
observed corresponding to the lowering temp The subjec + was djsc^bed by 
H J French, F Lepersonne, and G Burns 

E Vigouroux obtamed non tutadunotybdide, Fe s Moj, as an lWub.e re«idue 
from alloys with 50 per cent molybdenum Its sp gr is 9 16 at 0° It m attacked 
slowly by chlorine at ordinary temp , and vigorously at 250 , oxygen, sulphur, 
and water-vapour react at a red-heat Soln of hv<jrochlonc and n\aro fiuone 
acids, as well as gaseous hvdrogen chloride, have no appreciable action, bat the 
compound is readily attacked b\ hot, cone sulphuric acid, d> dJ m+nc acid and 
by iodine suspended in water Potassium hydroxide has no action m *oH , but 
reacts readily m the fused condition As indicated abo\e, this compound waa 
prepared by A Carnot and E Goutal , and W P Svkes obaerved tne conditions 
under which it is formed, Fig 456 No other compound appears on the thermal 
diagram, but E Yigouroux said that iron henumo^bdida, Fe 2 Mo, of sp gr b 90 
at 0°, is obtamed b) the action of hydrochlonc acid on allove with lesi than 46 16 
per cent of molybdenum , iron molybcbde, FeMo, of sp gr 9 01 it 0 , from 54 
to 63 per cent alloys , and non dxmoiybdde^ FeMo* of sp gr 9 41 at 0 , from 
64 to 77 per cent alloys The existence of these three molvbdides has not been 
confirmed For the cementation of these steels, vtde supra 

A Carnot and E Goutal found that molybdenum steels wifcn 1 7-2 3 per cent, 
of carbon contained the mm molybdenum carfade* Fe$C Mo*C P Williams 
prepared the same compound J O Arnold and A A Bead analyzed the residues 
obtamed by treating molybdenum steels with acid, and found that with the 0 78 C 
and 2 43 Mo steel, the residue corresponds with 6FeC, Fe*MogC , with the 0*75 0 
and 4 95 Mo steel, 7FejA 3Fe*MosC, 2C, with the 0-71 C and 10 15 Mo steel. 



620 


INORGANIC AND THEORETICAL CHEMISTRY 


Fe 3 C, 3Fe 3 Mo 3 C, C with the 0 79 C and 15 46 Mo steel, Fe 3 C, 8Fe 3 MooC and wi+K 
the 0 82C and 20 70 Mo steel, Fe 3 Mo 3 C F R Morral and co workers and 
V Adelskold and co-workers observed the formation of the molybdenum mm 
tntacarbide, Fe 3 Mo 3 C The observations of H Lautseh and G Tammann, and 
of W P Sykes, show that a part of the molybdenum m iron forms only one 
compound, and the remamder forms mixed crj stals with the iron , m the presence 
of carbon, there may be formed the mixed crystals of iron and molybdenum 
— molybdenofernte , iron molybdenum carbide, iron tritadimoly bdide , and m 
hardened steels, molybdenum austenite or martensite m which, with higher pro 
portions of molybdenum iron molybdenum carbide can be recognized, while, with 
annealed steels, intermediate forms between martensite and pearlite can also be 
recognized L Guillet found that the pearlitic steels have 0 20 per cent of carbon 
and less than 2 per cent of molybdenum, or 0 80 per cent of carbon and less than 
1 per cent of molybdenum and the carbide steels have a double carbide with 
over 2 per cent of molybdenum and 0 20 per cent of carbon, and over 1 per cent 
of molybdenum with 0 80 per cent of carbon A M Portevu* supposed that the 
double carbide is found m steels with over 5 per cent of molybdenum and 
0 2 per cent of carbon , and with above 2 per cent of molybdenum and 0 8 per 
cent of carbon H le Chatelier supposed that the molybdenum is isolated m the 
mass of the metal as a solid soln , and 0 Boudouard, and G A Edwards made 
a similar assumption with respect to the existence of tungsten m tungsten steels 
but measurements of the electrical resistance — vide infra — do not favour this 
hypothesis C A Edwards supposed that the carbon exists as iron carbide 
J S de Benne\ille prepared the complex iron chromium molybdenum carbide, 
Fe 7 (Cr 2 Mo) 8 C 4 , and called it uahhte F Roll, H Sawamura, and F L Coonan 
found that molybdenum partly decomposes and partly preserves the cementite 
m cast iron J W Donaldson studied the action of molybdenum m cast iron 

T Swinden suggested that the molybdenum occurs m annealed steels as a 
compound of iron and molybdenum, and not m simple solid soln When the steel 
is heated, the Fe s C goes into soln at Ac 1} and unless the lowermg temp — vide 
supra — is exceeded, is re precipitated at the normal Ar r temp on coolmg If the 
steel be heated beyond the lowering temp , the condition of the molybdenum 
compound behaves as if it passed into soln The separation of Fe 3 C from this soln 
takes place at a lower temp than the normal Arj The actual temp depends on the 
cone of the moly bdenum soln When the steel has been coolmg bey ond the lowering 
temp , and then re heated, the molybdenum gradually re-assumes its original 
condition if the temp does not exceed that produemg the lowermg When this 
change is complete, the normal Ar r temp is regamed m the coolmg curve 
T Swmden also observed that specimens quenched from 800° contain normal 
martensite indicating that the carbid e is partially soluble at this temp Molybdenum 
steels quenched from 1200° are less easily attacked by acid, and m the case of 
certam steels with the higher proportions of carbon and molybdenum, they show 
I™te 516 structure of specimens heated to 1200°, and quenched at 

600 ,is essentially the same as that of those quenched at 1200° Samples which 
have been air cooled from 1200° show martensite and troostite, and the proportion 
o martensite is greater, the greater the proportion of carbon and molybdenum 
* ^ i tlji Sai( ^ a ^ rae molybdenum steel is formed when 18 3 per cent 
ot molybdenum and 0 7 per cent of carbon are present The 100 per cent pearlite 
andE C< L S R^d >f 24rFe +Fe s Mo 3 C The subject was discussed by G W Sargent, 

E C Bam dKcussed the X-radiograms , and E P Chartkoff and W P Sykes, 
ec anges m the lattice parameters m solid soln The seleroscopic and Brinell s 
hardnesses of molybdenum steels, measured by T Swmden, are indicated m 
laoie L&AVI The normalized steel was obtained bv heating it for 15 minutes at 
i c ? o m ^ m air T Swmden also examined the file hardness of 

mo y bdenum steels W P Sykes found that the Bnnell hardness of iron increases 
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contmuoush with the addition of molybdenum up to about 40 j>er tt\t* >v wt 
The hardness of mohbdenum is increased at a more rap d rite bv t . tdd +*im rf 
iron up to about 15 per cent The hardnes* of some of the ail * »\ < w it*"- nd 
from }ust below the solidus, is increased bv as much a- 250 per ce* * **v acpirg a+ 
temp between 600° and 700° In tempering or ageing at cert *r g*v ei +ei ip +h<* 
hardness reaches a maximum and then decreases as ageing ib prolonged T oe u^her 
the temp of the agemg abov e a certain minimum temp , the more rap’di * * »*e h ird 
ness increases, but the lower is the maximum hardness attained A vh *»ijage m 
\ol occurs during the agemg process, and, m general, * + s maxim lm eomf’de* 
with that of the maximum hardness dev eloped b> agemg The suttee* -was dis 
cussed b) G Grube and F Lieberwirth, and M Bafiay , ard E K S«m*h a^d 
H C Aufderhaar observed that the BrmelTb hardness, and ten^e strength cf 
cast iron were mcreased by addmg 0 to 31 per cent of mohbdenum but tne 
machmability was decreased G Tammann and V Caglio+i discussed tne recover* 
of hardness after cold work 

Observations on the mechanical properties were made bv W von Lipin, 
J K Smith, R Helmhacker, P Harwich, S B Ritchie, A L Colb} , L Cam- 
predon, A R}s, R A Hadfield, H J French, \\ 2? Bratton, K Tamgoclu, 
J V Emmons, E L Henderson, J Cournot and J Challansonnett, E C Cappand 
F C Devereaux, H J French and T G Digges, P Promper and E Ponl, 
F L Coonan, E K Smith and H C Aufderhaar, W Liestmann and C Sakmann, 
E E Thum, R C Good, A L Norbur>, E Eothn>, J H Ku«ter andC Pfannea 
schmidt, I Musatti and G Calbiam, C H Long and F B Dahle, K H Muller 
and E Piwowarsky, J E Hurst, E L Henderson, W H Phillips A C Praliere, 
E Piwowarsk}, P Blum, H Fleck, 0 Smalley A Campion, A M Portevm, 
and L Gudlet The subject was summarized by H W Gillett and E L Mack 
According to L Grnllet, the pearlitic steels have a high temie strength and 
elastic limit which increases regularly with the percentage of molybdenum, 
while the elongation and resistance to shock d im i ni sh a little, but preserve high 
values The carbide steels have a tensile strength and elastic limit which increase 
with the percentage of molybdenum , the elongation and reduction of ar* a are 
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low , while the brittleness increases with the percentages of carbon and mol\ bdenum 
The effect of heat-treatment resembles that with the tungsten steels — mde infra 
T Swinden obtained the results indicated m Tables L XX VII and LXXVIII 


Table LXXVII — Elastic Limit and Tensile Strength of Molybdenum Steel 


\ 

Percentage j 
composition I 


Elastic limit (tons per sq in) 


Maximum stress (tons per sq m ) 


-| 


0 

Mo 

As rolled 

1 

Annealed 

1 

Normal 

ized 

i 

i Hardened 
i and 

1 tempered 

1 4.S rolled 

Annealed 

Normal 

ized 

t 

i 

Hardened 

and 

j tempered 

019 

103 

22 40 

^ 13 90 

1 22 29 

1 

| 21 04 

83 52 

26 15 

1 

, 30 22 

40 24 

0 41 

105 

34 40 

1 18 36 

37 81 

75 28 

54 40 

35 71 

’ 52 44 | 

94 00 

0 84 

102 

52 00 

, 26 00 

, 45 77 

1 86 48 

80 0 

54 05 

1 67 66 

107 36 

127 

109 

— 

26 05 

* 52 18 

| 91 04 

i 58 67 

42 65 

! 70 96 

124 56 

0 25 

2 18 

— 

1 14 10 

29 24 

1 5152 

! 52 5 

29 05 

1 40 63 

76 40 

044 

2 18 



19 38 

, 35 67 

i 66 56 ! 

67 4 

36 73 

49 30 

94 40 

0 88 

2 19 

57 b 

24 45 

. 5124 

j 79 84 

88 8 

47 80 

71 53 

116 44 

121 

2 11 

75 6 

27 55 

1 63 40 

i j 

1 96 8 

42 50 j 

85 71 

120 96 

0 19 

4 11 

33 64 

1 14 05 

| 28 39 

1 29 68 

53 2 

28 30 

38 15 

39 36 

0 49 

4 01 

53 6 

18 85 

1 36 17 

| 62 40 

84 0 

34 40 

53 51 

84 32 

0 89 

400 

. — j 

20 50 

1 58 20 

9104 

102 8 

42 10 

47 62 

115 20 

10b 

4 02 

80 32 

19 00 

60 69 

1 119 20 

106 8 

4150 j 

79 85 

126 00 

0 13 

8 01 



1 18 60 

26 11 

t 24 00 

412 

35 30 

36 46 

36 64 

0 36 

8 17 

— 

15 50 

31 46 

| 33 68 | 

66 2 

34 40 

45 80 

47 04 

044 

8 11 

68 80 

17 25 

38 16 

34 72 

96 0 

37 15 

52 28 

56 88 

0 77 

7 85 

66 56 

20 15 

41 29 

96 86 

86 56 

39 10 

65 42 

110 40 

1 12 

7 92 

84 80 

2180 

66 37 ! 

— 

109 60 

41 20 

90 30 1 

80 0 

136 

2 54 

76 80 

2100 

J 

— 

82 24 

j 40 00 

53 06 1 

1 

— 


Table LXXVIII — Elongation and Reduction of Area of Molybdenum Steel 


Percentage 

composition 


Percentage elongation on 2 ms 


Percentage reduction of area 


C 

Mo 

As rolled 

Annealed 

Normal 

ized 

Hardened 

and 

tempered 

As rolled 

Annealed 

Normal 

ized 

Hardened 

and 

tempered 

0 19 

103 

33 31 

355 

35 5 

27 46 

64 32 

65 75 

73 0 

68 4 

0 41 

105 

19 5 

25 0 

20 1 

14 08 

49 23 

39 2 

49 3 

49 2 

084 

102 

14 4 

17 22 

13 2 

9 15 

34 36 

22 25 

27 9 

25 2 

1 27 

109 

10 

5 55 

10 9 

4 92 

2 02 

75 

17 8 

12 0 

0 25 

2 18 

2105 

33 3 

300 

15 49 

57 0 

62 5 

64 2 

544 

044 

2 18 

16 7 

27 7 

23 4 

14 08 

46 41 

44 3 

55 5 

47 2 

088 

2 19 

12 1 

18 8 

13 8 

5 63 

32 07 

27 5 

32 6 

12D 

121 

2 11 

704 

94 

3 92 

— 

96 

13 5 

2 84 1 



019 

4 11 

21 7 

42 7 

29 0 

30 20 

52 71 

72 5 

63 6 

640 

0 49 

4 01 

13 5 

28 3 

22 0 

11 26 

33 81 

52 0 

52 9 

416 

0 86 

400 

! 80 

205 

14 5 

4 22 

17 27 

I 34 0 

38 5 j 

i 48 

106 

4 02 

! 10 56 

15 5 

10 7 

704 

18 40 

, 20 5 

22 0 

i 232 

0 13 

8 01 

257 

31 1 

29 8 

30 9 

52 22 

58 75 

59 5 1 

656 

0-36 

8 17 | 

| 19 4 

36 6 

28 4 

25 3 

45 89 ! 

68 23 

57 5 

, 544 

044 

811 i 

| 19 71 

32 22 

21 7 

21 1 

34 00 I 

57 5 

39 6 

49 2 

0 77 

785 

i 985 

22 2 

15 7 

7 74 

18 40 | 

355 

38 9 

| 23 2 

1 12 

7 92 

845 

161 

12 77 



16 40 j 

24 0 

16 1 

! 

1 36 

254 

211 

17 22 

04 

! n%L 

24 

75 

15 

nil 


The rolled steels are not closely comparable, because of variations of treatment in 
the mill , but the influence of molybdenum in rendering the steel susceptible to 
cold-working is clearly shown The annealed steels dnramfth m strength *nd ductility 
as the molybdenum increases from 1 to 8 per cent This is very marked with steels 



haung OP per cent or more carbon The rorrujcel are on*\ * 

influenced M molybdenum As the propon »>* of carbon ** t 

cf moh bd* num i*> more narked It prxuu^ in urnrcc*A r *!* jtr» * e ^ +* atf* 
w’th onh a Eighth reduced duc*Jitv Tre effei* o* nnhhden ru r r ' *r» f r * x 
and tempered steels is very marked return igr ,* \x 2 v i + er\*‘ ,tv w/n ' * :derU v 
elasticity Ihe most promising re&uits i r e jobta**^i w re«s r<di M ng 

I and 2 per cent molybdenum T Sw nue^ orser»tti r * r* « e < * U * »*{*> ng 
of any steels by quenching as reported by L (juiM for ntuiue tar 
W P Sykes found that the tensile strength, Mt the hardrf «* m r* e * h 
or tempermg , a decrease m ductility accompan es ♦be mcrea^e m te* 3 * *** r£t*i 
The deyelopment of «econdarv hardness m the*e aVv* s a** l b, t r *e 

precipitation of the compound Fe^Mo^ The par*” t’e ize of tL* -*- i ^ra* t n iwmcua*' 
sub microscopic until the hardness has passed through ds irax mam y a «*<, ail ha# 
fallen off considerably C L Clark and A. E Tfth^te mealed t*r effect cf ♦imp 
on the tensile strength T Swinden found that the bendng ti^« ^ f * 
bnttleness of the high-carbon annealed bars, ard, m general f ie% c ,narn t'.e 
tensile tests Molybdenum does not greatly increase the xv i-ta r re « f *o 

alternating stresses with any heat-treatment The ar^iled *re* ^ave f*ar 
results with a low percentage of carbon, but poor \ nines wi*h a L gh f r^rcrticn 
of carbon notwithstanding the low tensile \alues Crushing <ow tbu* the 
molybdenum slightly stiffens the steel, but the effect is not marked W U f*er 
found that with molybdenum steel having 0 to 4 per cent 0 f n ^ jxi^r on ,i/J | i3^ f 
cent of carbon, or 0 to 2 per cent of molybdenum and 0 95 per cent oi carl on, g*w* 
results approximating to those furnished by additions of tung^en so far ** ter*i’e 
strength, elastic limit, elongation, hardness, and bnttlenes% wbe^ *n rufo a* >i id*d 
molybdenum is to tungsten as 1 2 225 F Robin observid that +*** ad * t on of 

1 to 2 per cent of mol} bdenum m 0 8 per cent carbon sleek make-* the rental . e 
to crushing low, and it is about 5 kgrms per c c at 11G0 5 The effort o* 
molybdenum on cast iron, etc , was studied by F L Coonan H M Ro; T ^on, ui d 
J H JennmgsandE L Henderson 

T Takei and T Murakami observed an abrupt dilation in aLots wrt trar 

2 per cent of molybdenum , this is due to the a^y change The dila^on > not 
observed m alloys with over 4 per cent of molybdenum In the allovs ccntamau? 
more than 7 5 per cent of molybdenum quenched at a high temp , an auruj t 
change at about 700°-720° is observable during heating, the magnitude of the d»Iat or 
increases with the molybdenum content This change may a^so be attm *ed to 
the gradual deposition of the e phase from the supersaturated a solid sole F W u*t 
and co workers found the mean sp ht of molybdenum steel between 0 ai a tf 
up to 1500°, to be 0*06162+0-0*10990, and the true sp ht at 0 , is 00ol62 
+00*21980° 

According to T Takei and T Murakami, no marked change w&a obaenea in t^e 
effect of temp on the electrical resistance of annealed specimens of iron moh bdenum 
alloys, except a slight bending and a break which is attributable to th* change m 
solubility of the e-phase If, however, the specimens, consisting of the a and 
€ phases, are quenched from a high temp they show an abrupt change m the electrical 
resistance on heating them at about 700°, and the greater the molybdenum content, 
the more conspicuous is the change This abnormal change corresponds with v ne 
deposition of the e phase, from a supersaturated a-sohd soln According to 
H le Chatelier, the electrical resistance of steel is only slightly influent ed by t*e 
addition of molybdenum, and this is taken to mean that the nuoly t denuin z~ not 
diss olved in the iron Some observations were made by A M Portevm , and 
T Swinden obtained the results indicated in Table LXXIX A M Portevm gave 

3 4 micro hms per cm cube for the increase in the resistance of iron produced by 
1 per cent of molybdenum T Swinden added that the influence of moly bdenum 
on the annealed steels depends on the carbon-content In the 0*20 per cent carbon 
senes, there is a slight increase with increasing proportions of moly bdenum , in the 
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0 45 per cent carbon series, the resistance is unaffected , and with 0 9 to 1 20 per 
cent carbon, there is a distinct decrease Samples quenched at 800° give a resistance 
in. agreement with the assumption that the carbon is m soln , and the mohbdentun 
not m soln , but samples quenched at 1200°, indicate that a considerable proportion 
at least of the molybdenum is m solid soln G Tammann and V Caghoti 
discussed the recover} of the resistance after cold-work E L Dupu> and 
A M Portevm found the thermoelectric force of molybdenum steel against copper, 
expressed m millivolts, to be 


C 

Mo 

| C0O 

Annealedj 

/ CQO 

Hardened 


0 19 

0 16 

0 14 

0 29 

0 77 

0 81 

0 81 per cent 

0 45 

1 00 

2 20 

4 50 

0 50 

121 

198 „ 

10 00 

10 80 

10 70 

8 60 

4 50 

4 70 

5 20 

8 35 

7 70 

7 80 

6 30 

3 00 

3 20 

4 30 



10 00 

10 10 

(-12 0) 

-4 40 

— 

1 10 

— 

800 

7 92 

3 98 

-6 50 

— 

0 10 


G Tammann and E Sotter found that the electrode potentials of the allots 
in. 0 ljV-H 2 S0 4 show that the} are electronegative to molybdenum with up to 
65 per cent of that element, and beyond that slightly electropositive 


Table LXXIX — The Electrical Resistance of Molybdenum Steels 


i 

Percentage composition | 

Electrical resistance m microhm** per cm 

cube 

C 

1 

Mo i 

1 

As rolled 

i 

1 Annealed 

formalized 

Hardened and 
tempered 

. 

0 195 

1 030 

1 

1418 

1 

13 48 

14 51 

14 22 

0 445 | 

| 1 054 

17 40 , 

14 77 

16 55 

16 86 

0 869 j 

! 1 018 

2100 

I 18 55 

20 47 

20 25 

X 215 

1096 

23 10 

| 19 54 

20 32 

21 15 

0 246 . 

, 2 176 

18 66 

13 55 

16 73 

17 93 

0 442 

2 181 

20 66 

14 97 

16 42 

19 47 

0 883 

2 186 

22 90 

16 13 

18 80 

20 10 

1 210 

2 109 

24 80 

18 47 

21 72 

20 80 

0 190 

4 no 

20 22 

14 95 

16 40 

19 12 

0487 

4 009 

24 60 

14 89 

16 39 

1^52 

0 865 

4 002 

25 70 

15 53 

18 42 

19 88 

1060 

4 019 

27 10 

16 92 

19 37 

19 78 

0 135 

8 012 

25 83 

23 70 

25 76 

25 25 

0 361 

8 167 

19 00 

15 32 

17 20 

18 79 

0 445 

8 107 

28 00 

14 38 

16 79 

19 06 

0 775 

7 847 

27 40 

15 38 

17 87 

19 92 

1 125 

7 920 

22 60 

. 1613 

18 86 

19 50 

1360 

2 540 

3130 

1 

20 13 

1 

21 79 

22 40 


S Curie found that molybdenum increases the coercive force and residual 
magnetism of steel, so that molybdenum steels make excellent magnets These 
steels lose their magnetic qualities between 700° and 750°, and regam them on cooling 
at a temp rather lower than that at which the loss occurs on heating T Takei 
and T Murakamis observations on the intensity of magnetization m different 
fields are summarized m Fig 457 By the addition of molybdenum, the intensity 
of magnetization is gradually decreased , the amount of decrease is small m the 
range of alloys consisting of the a phase alone, whereas m those consisting of the 
two phases, a and €, the decrease is conspicuous For annealed specimens, the 
intensity of magnetization decreases gr&duall} with the rise of temp , and rapidly 
at the critical point, which is only slightly lowered by the addition of mol}bdenum 
The change at the critical point decreases m amount as the mol}bdenum content 
increases, up to 50 per cent , owing to the fact that the magnetic a phase in 
the specimen decreases and the non magnetic e phase increases Quenched 
specimens with over 6 per cent of molybdenum, 1 e consisting of the two phases 



IRON 


m 


a and at room tei ip , 4*ow * higher ive >n rf rwi ^zv « n * i the n** f irg 
cur*e than m the cooling — th^ i* tbe lrttr^it* 4 f of ♦he qi*e’ n h*d 

specimen decrea-e^ or arnohrg *n» * n >a*t f *tv um* * * * ag mu n $rre<*vr 
on increasing the moUbdenum content ard rt * ** +* mr f u '*u Th^ 
fact mat he explained a*- follows t* mer+^r 1 1 d -t *+e th< 

mtensi*v of nnguet*7ation of ilk t s gradually de* rea*t> m + * j * ** / f 4, j r* m r i i*+,n£ 
of the a pha«e alone ?s the mohbdenum con f ent nr *> 1 f # m3 i i" 
of tne a and e phases the decrease i^ ronsp'cum** dii» g + > tL * n» * ♦* e nm 

magnetic e phase If the specimen 2 ** rurrehea fr >m a Imh t mf **w a T*a *e 
increases m amount, dissolving the e pba^ *n *uper 'ri* o r 1 1 * 5 tt*!" f l*c 
intensity should be increased, owing to the tie r* of * s or * ^ f + t,f 
If, however, the specimen is heated, the e plu^e i- >r^]Vi frw u* h’m* 
saturateda phase, and hence the intensity sho ai 1 he aec^ a*e 3 ow » g t* *hc ix re ise 
of the non magnetic phase The amount of depa^oa 1 ,rrt i + *r * * ti * n» *!w* 
denum content increases and the quenching tenp r-e** Tne m<>a % of 
magnetization of these quenched specimens graduihv detrew^ a* fr* w+ f + *f 
rise of temp , and an abnormal change, or an increase of the *ntenV> # + ik** M&e 
at a temp abo\e 700° The amount of the abnormal change m rei~e» a* tne 



Fig 457 — The Intensit\ of "Magnetization of the Iron Mohbdermm Vlo\» ir 
Different Magnetic Fields 


molybdenum-content increases, and also with rise of quenching temp From the 
change of microstructure of the quenched specimen on heating, it xS defhnteiv 
inferred that the abnormal change of magnetization is to be attributed to th* 
deposition of the €-phase— that is, if the quenched specimen is heated to about 800 , 
the € phase separates extensively, whereas no change is observable if the heat mg 
temp is less than 650° Since the magnetic critical point of the a phase 1 * gradually 
lowered with the increase of the molybdenum-content, it is probable that the cntica* 
point of the supersaturated a phase would be lower than that m the sat *+a*e, 
and hence, the subsequent heating of the quenched specimen, or the deposition of 
the e phase, should result m the rise of the critical point Hence, the abnormal 
change observable on the heating of the quenched specimen raav be attributed to 
the superimposed effect of the following two factors The decrease m the 
magnetization begins at the lower temp m the quenched specimen, owing to the 
lowering of the critical point If, however, the deposition of thee-phase occurs, the 
critical point rises and the magnetization should be increased When the deposition 
is completed, the change of the intensity is that of the sat a phase and it rapidly 
falls at the critical point Besides these changes, there is a small increase m tne 
intensity of magnetization above 100° This is attributed to the removal of strains 
acquired during quenching The magnetic properties of mohbdenum steels were 
studied by T Takei, E Gerold, and A F Stogoff and W S Mellon and the 
effect of cold-work on the magnetic properties— We supra, iron— by W S Messkm 
E Martin studied the absorption of hydrogen and nitrogen by molybdenum 
steels JAN Friend and C W Marshall tested the effect of molybdenum on the 
von XTH 8 
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corrodibility of steel, and conclnded that ( 1 ) molybdenum up to 4 per cent uoce 
not exert any narked influence on the corrodibility of steel by tap water, salt soln 
and dil sulphuric acid The results with 0 5 per cent sulphuric acid are nearly the 
same as the mean of those with other corroding agents The resistance of steel to 
corrosion alternate wetting and drying, increases with the percentage of carbon, 
but increasing the proportion of molybdenum increases the corrosion Hence, the 
presence of over 1 per cent of molybdenum is undesirable where steels have to 
resist corrosion L Aitchison found that the addition of molybdenum to carbon 
steel results in a definite increase m corrodibility by tap-water, 3 per cent sodium 
chlonde soln , and 1 and 10 per cent sulphuric acid, until a high proportion of 
molybdenum — approximately 15 per cent — has been added W A Dew and 
H S Taylor studied the adsorption of ammonia in the alloy , and S Satoh studied 
the nitndization of these steels by heating them m ammonia at 560° to 580° The 
corrosion of the alloys was studied by G Tammann and E Sotter, H J French, 
C Duisberg, W Oertel and K Wurth, W Guertler and T Liepus, F Lieberwirth, 
and J S de Benneville H Endo, Fig 459, found for the losses, in grains per sq 
cm , during 5 hrs J action, at ordinary temp , with alloys containing 0 27 to 0 34 
percent of carbon, and 

Molybdenum 2 05 3 06 5 10 8 51 13 25 17 02 25 08 3149% 

(H t S0 4 0 00564 0 00449 0 00295 0 00190 0 00232 0 00289 0 00223 0 00324 
LossIhCI — 0 00114 0 00062 0 00048 0 00035 0 00070 0 00047 0 00032 

{HNO* 0 07891 0 07652 0 06317 0 06200 0 05785 0 05622 0 02775 0 02033 




G Grabe and F Lieberwirth’ s values for the number of milligrams of iron (dotted 
lines. Fig 458), and of molybdenum (continuous lines) dissolved per sq mm in 

24 hrs , at 20°, by 0 liV-HCl and 0 lY-H^* 
f per sq cm of surface, are summarized m Fig 
v, 458 J G Thompson and co workers studied 
* the action of aq soln of urea and of ammonium 
if carbonate M Wiessner studied some copper* 
3 J molybdenum-iron alloys , R Scherer, some 
? * tungsten-vanadmm-iron alloys , F T Sisco 
| and D M Warner, M Baer, K F Staroduboff 
j ^ and F M Gorbacheva, H Franz, K H Muller 
and E Piwowarsky, A C Pruliere, W Rohn, 
0 and C F Wurth, the diroimtun-molybdeiiim^ 
Percent molybdenum ?° n , W H Cunningham and J S Ash- 

Fig 458 — The Solubility of Iron. 

Molybdenum Alloys m Acids 11011 W* 0 ** , W Guertler and T Liepus studied 

the corrodibility of the iron-molybdenom- 
vanadmm alloys (52 20 28), and W Kahlbaum and L Jordan, vanadium- 
chromium-molybdenum-iron alloys , A Rys, H J French, and J S de Benneville 
prepared some molybdenum-chromium steels, and the corrodibility of the iron- 
chro m iu m molybdenum alloyB was studied by H C Cross, C N Dawe, T G Digges, 
H J French and W A Tucker, M A Grossmann, W Guertler and T Liepus* 
W Oertel and K Wurth, E W Pierce, V and G Prever, H B Pulsifer and 
O Y Greene, and C F Wurth T L Robinson investigated the endurance 
qualities of these steels , and M Okochi and co-workers found erosion to be severe 


in guns made from molybdenum steeL 

J J and F de Elhuyar prepared a dense, greyish-white, hard, iron-tungsten 
alloy, or fer r otungstm, in 1783 , nearly half a century later, P Berthier obtained an 
alloy approximating Fe 6 W, which he said is a whiter grey colour* than iron, is 
brilliant, hard, and more brittle than cast iron , has a lamellar structure, and 
contains bubbles or pores H de Luynes prepared various kinds of damasked steel 
with up to 1 per cent tungsten According to L Gruner, M Koeller and J Jacob 
first prepared tungsten steel about 1855 , and about this time, too, F Mayr 


oDtamed tungsten <deel on a commercial *cue In 1***7 R Oxia* * tMj, j yd f * 
tungsten bv heating wolframite with chart oa* lr a r t ^ rl < -ufi^ » a M* >£ *hr 

resultmg powder of tungsten iron manganese and ^ «**»n iron * r 

In 1857-59 R F Mu^het prepared ferro^ang + e r w* ,*b h* nrl<wei maiwirg 
tungsten steels and m 1860, A Delvaux Ce Fe r ffa 1 * 1 * * '* 4 4 nj *#n 

pur l amelioration de lacier et dr In fcn*e dr frr I* 1h*m M ^ riser* a* 1 
F A. Bernoulli described the prope r tie* ct a 1 ui 1 ^ nf t "swt i <m <** /$, 
m 1867-69, P le Guen reported attempt* nr ade to j*e 1 f +*• > r *> ( ft * *> * 

tions were reported b\ T Kelleraunn 
R Volhmann, F Kick, R N Riddle, 

JET "Woods and J Clark, and H A Le- 
\allois In 1886, G Heppe emphasized 
the need for studying the tungsten steel** 

He said that improved rails, railway axles, 
and cutting tools can be obtained b\ add- 
ing a small proportion of tungsten to steel 
\ Leepm, in 1897, examined some me 
chanical properties of tungsten steels The 
manufacture was described by G Surr, 

C R Schroder, J B Nau, K P Gngoro 
\itch, G T Holloway, W Heym, G and 
E Stig, W Borchers and R W Stimson, 

F C A H Lantsberry, E C Bam ard 
Z Jeffries, M A Grossmann, J W Weitzenkom, H K Ogih,e A. H & Arrambai, 
S S Sternberg, F Peters, J K Smith, G A Meerson, H W Hutchin, 
R 0 McKenna, R M Keeney, J W R’cnards, J E*card, C McKr ght 
F M Becket, R Cazaud, H G Batcheller and J 0 Ke ? lev, W H WaH J C A^ner 
P Gurod, P Oberhoffer, 0 J Stemhart, E igouroux, P Muiier, W \ ena*or, 
A Haemg, W Giesen, J Percy, P Nicolardot, and R A Haofield and +he 
general uses and properties of the alloys were described bv J Obh, \\ G neither 
A C Ross, H Alterthum, H Behrens and A R van Lange, ard E Lieveme 
J Laissus, G Grube, G Grube and K Schneider, N Ageeff and M Z*mo*onn, 
and W Geiss and JAM van Liempt discussed the diffusion of tungs+en iron 
H List said that the two metals do not form true allov* The preparation of fer*o~ 
tungsten has been discussed in connection with the preparation of tungsten 
Portions of the equilibrium diagram were studied bv H Harkort, who obtained 
alloys by meltmg ferrotungsten and iron m magnesia crucibles He found that 
the temp of the transformation of a-iron into /i-iron was not mfluenced bv the 
addition of tungsten , but the temp of the transformation of /3 iron to y iron rise* 
rapidly from 871° for iron to 933° for an alloy with 10 per cent of tungsten Solid 
soln were formed, and evidence was obtained of the separation of a compound of iron 
and tungsten from solid alloys nch m tungsten the compound being m sob when 
the allots are quenched from a high temp G Grube ana K Schneider found that 
the diffusion coeff of tungsten in iron at 1280°, 1330", and 1440° are respectively 
3 2 x 10” 6 , 21 X lO^ 5 , and 26x10“* per aq cm per day D Kremer made some 
observations on the solid soln erf tungsten m iron, and of iron m tungsten 
K Bomemann constructed a hypothetical diagram based largely on H Harkort & 
observations , and K Honda and T Murakami proposed a passible equilibrium 
diagram based largely on a microscopical study of the alkrv** This was discus&ed 
by A Hultgren, and modified by S Ozawa The modified diagram is shown in 
Jhg 460, where it is assumed that Jtoa IwinitnngstK te, Fe 2 W, is formed in accord 
with the suggestion of K Honda and T Murakami, and H Harkort With up to 
about 10 per cent of tungsten, the f p is raised a little and then gradually lowered 
The alloy with 33 per tent of tungsten freezes at 1510° The solubility curve of 
tungstide m femte is connected with the A$ transformation, and at ordinary temp , 
it corresponds with about 9 per cent tungsten A M Portevm obtained a lower 



Fig 459 — T1 e Corros^n c! Mw* b 
dentin Stee>* bj Awds 
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■value for tin solubility The A 2 transformation point, at 79(T, is not affected by tfo 
tungsten The line is dotted m Fig 460 because it does not represent a change of 
phase P S\ kes found rather different results , the\ are summarized m Fig 
Iron holds ibout 33 per cent of tungsten m solid soln at 1525° and about 8 ner 
cent it UOO The 33 per cent alloy melts about 10° below the mp of iron fa 
illoy with 35 per cent or less of tungsten contains large polyhedral grains of the 
solid soln ind if cooled verv slowly, another phase is formed This same phase 
appears if this illov be heated for some time near 1200° , it appe us scattered through 
the solid soln md it is probably iron tntaditungstide, Fe 3 M 2 H Harkorfc 
represented this compound as a hemitungstide, Fe 2 W —vide supra The curve 
BG r< presents the solubility of tungsten or the tntaditungstide M hen the tungsten 
exc eeds 33 per cent this tungstide appears in specimens quenched from the solidus 
the allov with 49 to 31 per cent iron appears to be the eutectic, of f p 1525° to 
] r >27° Long needles of the tungstide are formed m in excess of solid soln with 
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Fig 460 — Equilibrium Diagram of the Fig 461 — Equilibrium Diagram of the 
Iron Tungsten Alloys Iron Tungsten Alloys 

alloys hav mg 33 to 49 per cent of tungsten With higher proportions of tungsten, 
tin re is i r ipid rise m the liquidus, so that an alloy with 55 per cent of tungsten 
did not fuse until 1600° The compound can be formed by heatmg the alloy for, 
say, 20 hrs at 1550°-1575° As the compound forms m the solid soln , there is & 
consider ible shrinkage which makes the alloy more or less porous If the compound 
be heated to 1650° or over, it is decomposed The 62 per cent alloy is not magnetic 
after heating for 30 hrs at 1550° The solubility of iron in tungsten at 1600" 
is about 1 20 per cent The critical point Ar 4 is lowered from 1400° to 1200°, 
and Ar 3 raised from 890° to 980° by the addition of 5 5 per cent of tungsten 
F Stablein said that the A 3 -transformation cannot be detected when over 5 per 
cent of tungsten is present S Takeda found an e-phase correspon ding with 
W V Sv kes’ tntaditungstide , the eutectic of the e- and 8-phases lies at 33 per cent 
of tungsten , and the pentectic reaction m which the e-phase is formed occurs 
with allov s having o\ er 43 per cent of tungsten, as m S Ozawa’s diagram Indica- 
tions of a ph ise x were obtained , it may be formed pericectically from the melt 
md tungsten or a £ phase T Murakami and S Takeda studied the formation of 
ferrite m tungsten steels According to H Harkort, as the tungsten-content 
mere tses, then is a corresponding decrease m the amount of y iron, % e the face- 
centied cubic iron , and when the proportion of tungsten exceeds 6 per cent , 

, 1 bod \ centTed cubic lattlce 3S Present at anv temp S L Hoyt, and 
\ II A ill studied this subject 

A C arnot md E G-ontal found that when tungsten steels are treated with dd 
acids, there renmns undissolved iron tntatnngstide, Fe 3 W This same compound 
was assumed by T Swmden to occur m the tungsten steels J O Arnold and 
A A Ju id supposed that iron hemitungstide, Fe 2 W, occurs m steels, and this 


Hio\ 


compound w w im*d lv Hn I t 1 M A * x i ^ <* tw > * 

formt* 1 — F <r 101 H B^lri'i- »»1 \ P m 1 T 2 ^ ’ * 5t y + t *■ 

Pe_W m ferro+ui <>*♦ u T Pimrk t, <i B { n ^ * 1 * * * * *t rt *1 ♦* 

^nv prr-ms> of iron ditungshde, Acn f *•*» * < ^ < j » ‘ v «* 

iro 1 turgsten illov d* r i\t*i hi n» B« ’ * T r a* ai * » *t ** \ * * ** 

iron tnt‘idi^iinff^ , d* be \\ i> !>sidi* vi j * r i * J f * 

+ uneaten sti el u d W P *ske* dnirr*m K* 4*4 +' + ' r * r 

which it cm t xi^t m tht ^tui F \ jj > 4 rti \ *i, 11 *\ 1* > j< 1 ^ - 

hrillnnt phtes of bp gr l)^h it o it i> v»t a«*r* * 3 * *** j * j* % r f' 7 ♦ 

ittacked b\ chlorine at 350 m owgea the »'* h m* #* i * * f ^ * i» 

heat , bv po*issium hvdrobulphit* a* i (bill ml 1 1 *♦ 1 * * i n „ 2 * t 

acid, and filled potawum chlorate ha\t \trv litt ** ae* 1 s i i* w* 

R \ igouroux, and P Berthier reported pr< duN con u *v+' 1» 4 \V I 

and Fe 6 W, but there is nothing to show tW t* **v 1 * 1 ** r 1 3 \ 4 * * * 

bubject was di^ussed b\ X H Aall, and W Z t ter 

E C Bams X ndiograms of the ferro+un^Mer-* to^w »h 4 « * * > ^ 
carbide, Fe\\ H Arnfeldt observed at lea^ *wo intt r ri * d t - * *u h r% 

tungstens One of them has a hexagonal *>tr n*rr» , an 1 w * it * i % * i i 

with the iron phase its lattice is defined bv the pirm^^s 4 7J7 V * \ 
c = 7 704 A o<z =1 630 Itb compositior cormpor ^ to t 1 e f» v ii 1 ^Vl 
There are four gioupb of Fe 2 W m the unit cel] It *eun* ^ h t 1 * f i 7 «. r 

temp, and his a decompobition temp Hug between c»i W5 V * r 

intermediate iron tungsten phase has a tngonal l* f ti e wi*h *1 * T 
a = 4 731 A and c = 25 76 A , c a=5 44 The uni* cell pro 1 * »i » * *r t 3 « 4 » + *n 
Crystals of this phase ha\e been isolated and the\ m.e c + , > ~t 

spondmg with Fe 3 \V 2 A Carnot and E Gout d io^wi *iid Wi»* di ♦ * i’* 
chloric acid acts on tungsten steels with 2*0 to 2 2 p>r cei t ♦♦♦ * irb< » »u 7 * ** 

7 8 per cent of tungsten, in the abbence of ur, ♦’here is torn e»l non tungsten 
carbide, Fe 3 0 WC , and P Williams obtained the cornice x c»rt»ae 2>tJ )\\J 
b\ heatmg tungsten carbide and iron m an electnc furi**e 1L r« **t »h m 
powder is magnetic, and has at 18 3 a sp gr 13 4 It itt icke^l bv * *^<1 } w »* ** 

hydroxide, and is insoluble m cold cone h\drochl»*riv ac’u V \\ “*^ea a d 
G Phragmen found octahedral crystals of Fe^W >i in ftr'>tuu4cn tr 1 
F R Morral and co worker^ md V Adelskold and worker^ 0 ^- rvui V 
formation of tungsten iron tntacarbide, Fe 0 Wa^ ^ an^ I lla iU 

studied these carbides J 0 Arnold and 4 A Re^d a^uinpJ tlu^ taiL-nii 
steels contained the complex carbide, Fe 3 CWC W A \\tx>d ana cow^rk 
found that the X radiograms mdicated the presence of tungsten cjrbiae 
of the complex carbide, Fe 4 W 2 C, but no cement ite S Ozawa o # str\tsi *0 

evidences of this m his stud\ of the ternary system L Guille + , K l>a*e m 
P Oberhoffer and K Daves studied the solubility cune of tungsten Ur i* h 
carbon alloys A Hultgren assumed that the complex carbide >e\\* * } 

Fe 2 W 2 C, can exist in the system The latter is stable m the presence of 1 modtr 
proportion of carbon, while the former is easil> decomposed mto the caW/’de W < , 
and austenite Low-carbon steels are supposed to contain Fe A \\ ( ementge 
supposed to dissolve a certain amount of the carbide WC and the carbide \\ 2 l s 
supposed to exist onl> in the tungsten-carbon alloy, but rot m tung4*n stttK 
Sudden changes m the physical properties of tungsten steels are correlated wit a 
changes of composition involving the passage from one -ide to the o*her uf tl is 
limiting curve The appearance of so-called double carbides of iron aMl chromium 
or of iron an d tungsten, observed b} different worker-, is attributed to the baine 
cause Small amounts of tungsten in steel raise the mtltmg point, but larger 
amounts depress it For the cementation of thebe steels tide supra, oWrvaMon* 
The subject was studied br S Takeda, E Houdremont and co workers and 
E L Reed J S de Benneville prepared the tomplex non chromium tungsten 
e ftThada, Fe 7 (Cr,W) 6 C*, and called it gamsonite 
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0 Bohler concluded that tungsten lower* the mp of iron S Ozawa, 
and S Taheda studied the thermal changes of the ternary system Tungsten 
affects the position of the recalescence points of steel as indicated by W P Sykes 
m connection with the equilibrium diagram, Fig 461 F Osmond observed 
that with steels carrying up to 153 per cent of tungsten, and up to 013 
per cent of carbon, the positions of the Ar s - and Ar 2 -pomts remain normal 
while Ai l is lowered as the tungsten increases, provided the steel has been heated 
to a sufficiently high temp He therefore concluded that tungsten has no appre 
ciable action on the allotropic changes of iron, but it causes the carbon change to 
occur at a lower temp than the normal one J 0 Arnold found that with a Bteel 
carrying 0 06 per cent of carbon and 1 41 per cent of tungsten, the Ac 3 point was 
absent, Ac 2 occurred at 729°, and Ac x was absent , and on cooling from 1150°, 
Ar s was famt at 834° — a little below its normal position , Ar 2 occurred at 729° , 
and Ar x at 590° — about 50° below normal F Osmond then noted that with 
steels having 0 13 to 0 46 per cent of carbon, and 0 20 to 8 33 per cent of tungsten — 
manganese about 0 25 per cent — that if the initial temp is not above 850°, the 
curve resembles that with steels having no tungsten , if the initial temp exceeds 
1040°, the Ar r pomt is sharply lowered, while the Ar 3 and Appoints do not move , 
if the initial temp is 1300*, Ar 3 and Ar 2 are lowered in turn, and tend to rejoin 
Atj , while under certain conditions, Ar 1 divides into two portions O Bohler 
found that a steel with 0 850, and 7 78W had two critical points— about 700° and 
550° The former was visible if the initial temp did not exceed 1100°, and the 
latter appeared only if 1000° was passed Both critical points appeared m the 
interval, and both were said to correspond with the formation of pearlite The 
tungsten facilitates this duplication of the points, and as the proportion of tungsten 
increases, a higher initial temp is needed for the doubling, and at the same time, 
the temp of the second recalescence point is lowered In high speed steels, the 
chromium and tungsten were said to lower the second recalescence point below 
ordinary temp , and thus the softening of the metal due to the formation of pearlite 
is avoided II Pommerenke and R Deivert, H Scott, P Dejean, E Maurer and 
W Haufe, W Zieler, and A Merz discussed this subject F Osmond showed that 
with hypereutectoid or supersaturated steels, both tungsten and chromium impede 
during cooling the segregation of the cementite to such a degree that the rate of 
cooling can be neglected The transformation points are lowered during cooling, 
even slow cooling, more and more as the original content is raised above that of 
the eutectoid If the lowering is sufficient, the transformations remain more or 
less incomplete, and quenching is no longer necessary The proportion of carbon 
dissolved is then a function of the temp of heating and indirectly of the chemical 
composition The homogeneous distribution of the carbon, however, is not 
instantaneous — the dissolution on heating and its segregation on cooling are 
difficult If the temp is not high enough, areas of unequal carburization are 
produced, and if cooling then commences, each fraction acts as if it were alone, 
and has a recalescence temp dependent on the carbon-content, so that the recal- 
escence temp may appear doubled, and the result is dependent on the initial 
temp H Scott found that tungsten has but a slight effect on the temp of t}ie 
transformation of martensite to troostite H Sawamura, and F Roll observed 
that tungsten promotes the graphitization of cast iron 

H C H Carpenter found that when a steel containing 0 63C and 0 94W is 
cooled from 1000°, the ranges occur m their normal positions, but when cooled 
from 1250°, there is a slight lowering of Ar x to 664°, and there is a prolonged range 
from 801° to 706° The alio} is restored to its original state at 1000° The heating 
curve is also dependent on the free-heating for it shows the lower range from 696° 
to 716° only after being heated to 1250° When a steel with 0 63C and 10 56W 
is cooled from 1207°, the beginning of the critical range is not lowered, but the 
lower limit drops about 260° The upper range, At 2 , 3j is quite distinct The drop 
in temp occurs only with the lower limit, thus widening the range The results 
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are the same whether the alio* be ccol*a a* once V>m +&e firne 1 " t*uip * * at *f 

soaking for a long time at that temp nhow ng that not marv ui are *-****- 

sary for equilibrium to be attained Fairh w*ae difference* t* e n*** ' f t r ai**g 
ga\e similar result* H C H C’arpen+er 'oncsubd tha 4, tie * ♦ nr of tir* + en 
or mohbdenum consists in hmdenig or p^ventirg * ♦*# * * 

allots which rebult m the softening of the materia \r /mu t*n h x*#l 

alloys consist almost entirely of white pohnedra re^emohrg ai *^e t* T *n 

found that below a certain initial “ lowering temp , a i tne at** * 4 Xiim* ea 1 aat 
the same critical points as carbon steels In steel* bejow ** u > jht nrS rarocn, 
heatmg beyond this initial temp lowers \r x to a defm+e lem pr» nt \r 2 rract*- 
callv unaffected , and Ar s is gradually «upprec*ed m p*» / cn bu* 

appears again below Ar 2 forming the upper maximum o* ♦he cm pun* 
between 0 35 and 0 9 per cent carbon, Ar 3 is hr st lowered arl then u reaped* 
heatmg displaces Ar s , 2 towards Ax t , bevond O'* per tert carbon tV 
pomt is lowered as a whole b\ heatmg be\ond the lowering temy *r i pn/iuc^ a 
single low point As the carbon increases, a higher lritial ♦emr is reeled *• * ♦be 
cntical lowenng to be effected The low pomt is practical!) co^t^ur* a* for 
3 per cent tungsten steels The rate of cooling does not affect the pc *• of tbe 
low pomt after lowering has once taken place The range of tee rcealescence -a 
not merely widened, but the critical pomt is at a distinctly lower temp k+ 
on heatmg, a change of a similar nature to the carbon change occurs and i* ♦he 
cntical lowering temp , a further change m constitution occurs, ♦he re\tr*e of 
which is at the low pomt No reealese ence occurs at the cntical lowenng ♦emp 

The microstructure, cooling curves, and hardness of the tungsten s*tels confirm 
these conclusions, and indicate that the critical lowenng temp mark* i depute 
reaction m which the tungsten is involved 

As a working hvpothesis, H C H Carpenter Attributed the low pom* it 
tungsten steels to a special carbide containing iron, and either ♦ungsten or manganese, 
or both , and C A Edwards concluded that the low pomt is not + he Ar x or the 
iron carbide change depressed by tungsten, but » due to the slow formation at 
1200° of a tungsten carbide which has a critical temp quite independent of ir x 
T Swinden concluded that the similarity m the form of the cooling ewe from 
1200° to the curve from 900°, the maximum intensity of the low pomt &♦ O * per 
cent carbon, and the general evidence of the rmcrostructnres mcLcate that the 
low pomt is not due to the deposition of a tungsten carbide or of a double or +nple 
carbide The low temp change in the 3 per cent tungsten steels re*h\ a 
separation of cementite from decomposing martensite It is assumed tnat 'ron 
tungstide, Fe<jW, is formed m the mass and thus passes into sob at the lowers g 
temp , and the carbide, FegC, is dissolved in tbs sob The iron timgstiae doe* 
not separate until the low pomt is reached, and the carbide, Fe*C, immediately 
follows The increased electrical resistance beyond the lowenng temp is due to 
the increase in the proportion of dissolved impurity S N Brayshaw discussed the 
range of the Ac r arrest , and W Eilender and co-workers, the temper handne** 

L Gmllet foond that tungsten steels with 0 20 per cent of carbon are pearLtic 
with less than 9 per cent of tungsten, and show carbide formation with over that 
proportion of tungsten , while the steels with 0 80 per cent carbon are pearhtH. 
with less than 4 5 per cent of tungsten and show carbide formation with o\er that 
proportion of tungsten Quenching exerts the same effect on peariitic ‘•teels as it 
does on ordinary carbon steels, but the difference which exi-t- Detween the 
properties of the steel as annealed, and as quenched, is the more marked as toe 
proportion of tungsten becomes greater Quenching at 850 produces m steels 
containing a double carbide an exceedingly fine martensitic structure, and leaves 
a portion of the carbide undissolved, if the percentages of carbon and tungsten are 
fairly high The higher the quenching temp above 850 , the lower the proportion 
of 4rbide remaining unaltered b} quenching Quenching raises the tensile 
strength, elastic limit, and hardness Steels containing the double carbide are 
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superficially affected by liquid air quenching , somewhat coarse needles of marten 
site are formed when the steel is heated to near 100° and subsequently cooled m 
air Annealmg slightly softens all tungsten steels, and furthers the formation of 
grains of carbide By suitabh case hardening a pearlitic tungsten steel, it is 
possible to cause the double carbide to appear e\ en when the percentage of carbon 
m the outer lay er is below 0 85 per cent J 0 Arnold said that a true tungsten 
steel is formed, with 100 per cent pearhte, when 113 per cent of tungsten and 

0 72 per cent carbon are present The pearlite consists of 26Fe+WC J P Gill 
and L D Bowman, P Oberhoffer and K Daves, and K Daves studied the 
structure of these steels 

R A Hadfield observed that the fracture of cast, and of forged, unannealed 
pieces with a low content of carbon up to 0 20 per cent changes when about 

1 49 per cent of tungsten has been added when it becomes finely crystalline The 
fine gram increases with increasing proportions of carton and tungsten, so that 
when the carbon exceeds about 1 per cent , the fracture becomes silky, and this 
peculiar fracture is not possessed to the same degree, if at all, by other steels 
The molten metal is only slightlv less fluid than ordinary steel The malleability 
when hot is fairly good, but not equal to that of ordinary commercial steel, and 
some difficultv was experienced in forging some of the bars with a rather low 
proportion of manganese The presence of tungsten— as well as of manganese, 
chromium, silicon, aluminium, and nickel — m an iron alloy greatly hinders or 
prohibits the welding of the metal C F Burgess and J Aston discussed the 
working properties of the iron tungsten alloy s 

A Westgren and A Almin calculated from the X radiogram data that the 
\ol per atom of aUo\& of iron and the contraction are as follow 

Tungsten 0 13 3 40 100 atom per cent 

Volume per atom 11 70 12 42 12 48 15 45 A 3 

Contraction — 4 3 5 5 — 

A Osawa and S Takeda studied the X-radiograms of the alloys and their carbides 
Z Nrdmama found the lattice parameter, a , the sp gr , and the elastic modulus, 
E kgrms per sq cm , at 13 6° to 15 6°, to be 

W 12345677 per cent 

a 2 861 2 866 2 866 2 866 2 868 2 863 2 869 2 869 A 

Sp gr 7 9112 7 9577 7 9895 8 0430 8 1005 8 1008 8 1495 8 2119 

h \ 10* 4 2 164 2 157 2 153 2 174 2 101 2 134 2 085 2 150 

— tide tnfra E C Bam, and E P Chartkoff and W P Sykes measured the 
lattice parameter of the solid soln R A Hadfield found the sp gr of an alloy 
with 015C and 0 20 W to be 7 676, with 0 21 C and 1 49 W, 7 683 , with 0280 
and 3 40 W, 7 792 , with 0 46 C and 8 33 W, 8 109 , and with 0 78 C and 16 18 W, 
8 602 W Brown found with 0 16 C, Oil Mn, and 1 0W, the sp gr and sp vol 
were respectively 7 9365 and 0 12600 , with 0 28 C, 0 28 Mn, and 3 5 W, 8 0645 and 

0 12400 , with 0 38 C, 0 20 Mn, and 7 5 W, 8 2918 and 0 12060 , and with 0 76 C, 

0 28 Mn, and 15 5 W, 8 7720 and 0 11400 With up to 15 per cent of tungsten, 
therefore, the sp vol decreases by 0 0009 c c per 1 per cent of tungsten 
A S Townsend found the sp gr of tungsten steels to vary with the proportion of 
contained tungsten m the following manner 

Sp gr 8 60 8 63 8 66 8 69 8 72 8 75 8 78 8 80 

W 15 92 16 53 17 14 17 76 18 37 18 98 19 59 20 00 per cent 

w ith an error of i0 30 per cent F Stablein found that the sp gr of the tungsten- 
iron allots increases by 0 048 for every 1 per cent of added tungsten C Bene- 
dicks and co-workers, J 0 Arnold, and B Simmersbach made some observations 
on this subject C Benedicks studied the sp vol 

R A Hadfield made some observations on the har dn ess of t ung sten steels 
quenched from 750°, 950°, and 1200° in cold water Observations were also made 
by 0 A Edwards, W Zieler, 0 Bohler, H Scott, G Mars, K Tamguchi, etc 
W P Sykes observed that BnnelTs hardness increases continuously with the 
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addition of up to about 50 per cent of tungsten I he hardness of some alloys 
when water-quenched from 1500° is increased much is 130 per cent by 

annealing at 600°— 700° In the anneihng at a given temp a maximum hardness 
is attained, and this decreases as the annealing is prolonged The higher the 
temp of annealing above a certain minimum temp the more rapidlv the hard 
ness increases, but the lower the temp at which ma ximum hardness is attained 
The development of the secondarv hardness is accompanied In the separation 
of iron tntaditungstide I ide infra , Table LXXXII, for some data F Omond 
observ ed that a steel with 0 48 C and 6 0 W , remained ^oft when slowly cooled 
from a white heat, and had an arrest between 505 u and 485°, but when heated 
at 555°, it became glass hard L Guillet found that with pearlitic steels, the 
hardness increases rapidly as the proportion of tungsten is raised , and with the 
carbide steels, the hardness increases as the proportion of carbon is raised No 
self hardening was observed, but T Swinden observ ed that self hardening occurred 
with a 3 per cent tungsten steel, and a high initial temp S N Bra\shaw 
found that a I 19 C and 0 57 W steel, when quenched from 731°, which is below 
the hardening temp 738°, did not increase m hardness, but other steels heated 
above the hardening temp for 10 mins , and then kept from 30 to 210 mms 
belov the hardening temp and quenched m water, were hardened Thus, with 
the first heatmg at 760°, and the second at 731~ for 30, 120, and 240 mms , the 
Brmells hardnesses were respectively 600, 477, and 241, and the bdero^copic 
hardnesses respectivel) 103, 88, and 53 , agam, with the first heating at 890“, 
and the second at 725°, for 30, 120, and 240 mms , the Brrnell s hardnesses were 
respectively 418, 207, and 187 , and the scleroscopic hardnes&es respectiv eh 82, 
51, and 38 The transformation from the hard to the soft state is completed 
within a range of six degrees of the hardening temp , the hardening temp is 
represented by an arrest on the heating curv e , if the quenching temp is o\ er 
20 or 30° above the hardening temp, the steel becomes softer E G Herbert, 
\\ P Sykes and A C Ellsworth, H B Pulsifer, and L Grenet discussed the 
hardening of these steels G Tammaun and V Caghoti discussed the retoy erv 
of the hardness after cold work E C Bern and Z Jeffries suggested the follow- 
ing explanation of the red hardness of these steels 

The changes 'which cause the martensite in carbon steel to soften are gram growth of 
the ferrite and growth of the carbide particles above critical size Similar changes m high 
speed steel take place only at a red heat The outstanding reasons for the retention at 
red heat of fine grams m the ferrite of high speed steel are the increased resistance to 
growth, due to the elements m atomic dispersion m the femte and the copious presence 
of obstructing carbide particles The reason for retention at red heat of carbide particles 
of critical size is the great stability of the iron tungsten carbide and the large size o! the 
tungsten atom The great stability of this double carbide iavours its formation to the 
exclusion or elimination of other carbides when the nece&sarv atoms are available The 
large size of the tungsten atom prevents its diffusion m the femte space lattice until a 
temperature corresponding to a red heat is reached The double carbide is an mtermetalhc 
compound which owes its existence entirely to crystallization The formation of a 
particle of this carbide, therefore, requires a number of tungsten atoms, which must be 
supplied by diffusion through the ferrite lattice Ihe precipitation and growth of the 
double carbide m quenched high speed steel at a dull red beat is therefore somewhat 
comparable to the precipitation and growth of cement ite m quenched carbon steel below 300° 

A M Portevin found that the hardness of tungsten steel increase** with the 
quenching temp , and with the time of heating at this temp Thus 
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— vide infra , magnetization The so calied tungsten carbide steels produced by 
the cementation of tungsten steels are valued for their hardness They were 
discussed by R D Prosser, L L Wyman and F C Kelley, C M Thompson, 
C Sellers, T G Digges, M Nakamura, and J L Gregg and C W Kuttner 
In his experiments on the effect of alloying different metals with steel 
R F Mushet, about 1868, observed that while ordmary steel is hardened by 
abrupt coolmg from a red heat, as it is quenched m water, some bars of steel 
alloyed with tungsten seemed to have the property of becoming hard after heating, 
without the usual quenching Indeed, the unquenched tungsten steel was harder 
without the usual quenching than ordmary steel which had been quenched 
Hence, R F Mushet investigated this alloy with the idea of producmg a supenor 
tool steel which could be employed for cutting at speeds above those at which 
ordmary steel tools become overheated by friction near the cutting edge, with a 
consequent drawing of the temper, the rubbmg away of the edge, and the rum of 
the tool It was soon found that the coolmg of the bars of the tungsten steel 
exposed m a draught of air gave a better steel than if cooled where there was no 
draught , and still better results were obtained by coolmg the metal m an air- 
blast The composition of one of R F Mushet’s steels is C, 2 0 , W, 5 0 , Cr, 0 5 , 
Mn, 2 5 , and Si, 1 3 per cent , and a steel of this character is sometimes known as 
a Mushet steel The steels were then called self-hardening steels, and also air- 
hardemng steels M A Grossmann and E C Bam, and D M Giltman discussed 
the history of these steels 0 M Becker gives the following for the percentage 
composition of self-hardening steels 



C 

W 

Cr 

Mn 

Si 

P 

S 

High 

24 

11 6 

34 

35 

104 

0 080 

0 050 

Low 

1 1 

45 

0 07 

0 08 

0 16 

0 016 

0 004 

Mean 

18 

73 

1 6 

1 8 

0 56 

0 032 

0 016 


One sample was reported with 4 58 per cent molybdenum The excellence of the 
steel is dependent on the care exercised m subjecting it to the required heat- 
treatment when it is being prepared F W Taylor, and others observed that the 
capacity of these self-hardening steels for cutting at high speeds is considerably 
enhanced when subjected to a heat treatment at temp which would rum ordinary 
steels The superheated steels, in fact, stood up to their work much better than 
when given the usual treatment In fact, it was found that the heat-treatment 
could be carried up to nearly the m p and it would give better results than when 
the temp of the heat-treatment is lower Beyond 925°, a slight mcrease in the 
hardening temp raises the cutting power m an extraordinary way Hence the 
term high-speed steels, and rapid steels The high-speed steels are partially 
self-hardened 0 M Becker gave for the composition of high-speed steels 



C 

W 

Mo 

Cr 

V 

Mn 

Si 

P 

S 

High 

128 

25 45 

76 

720 

0 32 

0 30 

1 34 

0 029 

0 016 

Low 

0 32 

14 23 

00 

223 

000 

0 03 

0 43 

0 013 

0 008 

Mean 

0 75 

19 00 

35 

4 00 

030 

0 13 

0 22 

0 018 

0 010 


The vanadium was found m three of the steels analyzed The diff erence between 
the self hardening and the high-speed steels is more of degree than kind, so that 
the Mushet steel becomes a high-speed steel if it has been subjected to the super 
heatmg process In ordinary steel, the austenitic structure can be obtained only 
under special conditions, because it changes so rapidly to the martensitic structure 
Martensite, however, passes into pearhte comparatively slowly The martensitic 
structure is obtained by suddenly quen ching the metal from a bright red-heat 
Martensite is hard and brittle, so that for the sake of durability some hardness is 
sacrificed by tempering the metal so as to let it down to any degree towards the 
pearlite stage where the metal is soft and tough The presence of tungsten hinders 
the passage from austenite to pearlite, so that m order to obtain the pearlite 
structure m the presence of, say, 7 per cent of tungsten, the coolmg must be 
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extremely slow Martensite is not stable m ordinary steel unless the metal is kept 
cool In the presence of o\er 7 per cent of tungsten, the stability of martensite 
becomes so great that the steel can be heated abo\ e the ordman tempering heats 
before the martensite begms to change into pearhte 

J H Andrew and G W Green A H d Arcambal J O Arnold and co workers, 

0 Aueh\ H W Baker and A H Gibson R K Bam O M Becker A E BUbs C Bene 

dicks 0 H Benjamin £ P Berg F Bischoff P Blum O Bohler W \ Brandt S X Bray 

shaw L P Breckenndge and H B Dirks G R Broph\ and R H Hamngton, W Brown 

A Campion H C H Carpenter J Castner H le Chatelier C Codron A L Co!b>, 

C E Corson C Day, P Dejean L Demozav M Denis J W Donaldson F W Dueeing 

H Eckardt W Eilender and eo workers P Evermann H Fleck, E L French, H J French 
and J Strauss, G Gabnel, F L Garrison G Gherardi J P Gill and M A Frost, J P Gill, 
D W Giltman C S Gingrich J M Gledhill P Goerens, R C Good A W F Green 
M A Grossmann M A Grossmann and E C Bam R A HadBeld A Hamg 
G Hailstone O E Harder and H A Grove D Hatton A Heller R Helmhacker 
E G Herbert H D Hibbard, J M Highducheck H H Hill R Hohage and A Gmtxner, 
R Hohage and R Rollett K Honda and T Matsushita E Houdremont and H K alien, 

G J Horvitz J E Hurst Z Jeffnes J A Jones L M Jordan W Kahlbaum and 

co workers K Kellermann and O Schhessmann S Kern F Kick A H Kmgsburv 
P Kirwadi G Klem and W Aicholzer E Kothnv F C A H L&ntsberrv J W E Little 
dale P Mabb R C McKenna P Marsich J A Mathews E Maurer and W Haute 
E Maurer and G Schilling G Z Nesselstrauss J Mile\ K H Muller and F Piwowarsk\ 

1 Musatti and G Calbiani J T Nicholson A L Norburv E R Noms G L Noma 

W Oertel and E Pakulla W Oertel and F PClzguter H K Ogihie F Osmond 

A R Page, C Pendlebury E Piwowarskv, F POlzguter and W Zieler H Pommerenke 
and R Dewert F Rapatz F Rapatz and H K alien F Rapatz and H Pollack F Reiser, 
E W Rettew E L Rhead, E D Rogers, H W Rushmer K Sasagawa, G Sehleeemger, 
E Schulz and co workers, H Scott, F Seiler B F Shepherd E Sievers O Smalley, 

E K Smith and H C Aufderhaar J Spuller A Stoekall M \ asvan J Wagner 

F Walker, J W Weitzenkom, W H Wills, A J Wilson A D Wilt W W T razei, W Zieler, 
and E Zingg and co workers made observations on the mechanical properties of tungsten 
steels V Ehmeke studied the influence of silicon and manganese on the properties of 
high speed steel 

F Rohm studied the acoustic properties of tungsten steels F W Harbord 
said that additions of up to 1 5 per cent of tungsten had no appreciable effect on 
the mechanical properties of mild steel Z Nishivama s observations on the elastic 
modulus are mdicated above L Guillet observed that the pearl it ic tungsten 
steels had a tensile strength and elastic limit which becomes higher m proportion 
as the percentage of tungsten increases, while the elongation, reduction of area, 
and resistance to shock d imm is h as the proportion of tungbten rises With the 
carbide steels, the tensile strength and elastic limit vary little with the proportion 
of tungsten, if anything they diminish They become higher as the proportion 
of carbon increases W P Sykes found that the tensile strength is affected by 
annealing very like the hardness, and that a decrease m ductility accompanies an 
increase m tensile strength T Swmden’s results on normalized steel are indicated 
in Table LXXX The tests show the toughening influence of tungsten as the 

Table LXXX — Mbotanical Pbofebttes or Tungsten Steel 


Percentage composition 

Elastic 
limit 
(tons per 
sq in) 

Maximum 
stress 
(tow per 
sq in) 

Ekmgatloa 
(pear cent 
m2 in ) 

Reduction 
of area 
(per cent) 

Compression 
(percent 
under 100 
tons per 
sq in) 

Alternating 

strew 

(alter 

nations) 

0 

W 

0 144 

3 25 

24 44 

34 27 

28 5 

62 8 

50 50 

218 

0 218 

3 24 

25 27 

33 19 

27 5 
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50 66 

226 

0 270 

2 92 

29 00 

1 3930 i 

i 24 1 

59 8 
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0480 
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! 41 54 i 
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proportion of cirbon increases The compression is rather less than is usual 
’With s+cels without tungsten Tungsten imparts no beneficnl influence to the 
resistance of steel to repeated impact An a\ erage boiler plate grv es about 350 
alternations K Honda and T Terada ga%e for the eoefl of elasticity E, 
of tungsten steel from 1 928 xlO 12 with a load, 1758 grins per sq mm , to 
1 945 XlO 12 with a load of 11,523 grms per sq mm The eoefl of ngidit\ is 
0 608 X 10 12 at 14 0° For the effect of magnetization on the elastic constants, 
vide infra W Giesen observ ed that pearlitic steels with 0 to 15 per cent of tungsten 
and 0 3 per cent of carbon, or 0 to 8 per cent of tungsten and 0 95 per cent of 
carbon, show an increase in tensile strength, limit of stretch, and breaking load with 
mcreasmg proportion of tungsten, but the ductility diminishes The hardness 
is generally a little greater than carbon steels with the same proportion of carbon 
The brittleness remams unchanged e\ en w hen the proportion of tungsten is 15 or 
18 ptr cent in the presence of respectrv el\ 0 3 and 0 95 per cent carbon With 



Fic 462 — The Elasticity of Tungsten 
Steels 



this high proportion of tungsten the only properties that \ary are elastic limit, and 
ductility, which increase but slightb , and breaking load, which rises with the content 
of carbon and tungsten Pearlitic steels with 0 25 per cent carbon and over 
9 per cent tungsten, or 0 85 per cent of carbon and over 4 per cent tungsten, 
increase m hardness as the proportion of tungsten rises Tungsten steels with 
double carbide attam sufficient hardness only when the caroon content is high, 
but the great fragility remains the same C L Clark and A E White measured 
the effect of temp on the tensile properties , V Ehmcke studied the effect of 
nickel and manganese on high speed steels R A Hadfield observed no abnormal 
behaviours when the steel is cooled to —182° The observations of K Honda 
and T Matsushita on the modulus of elasticity and rigidity of tungsten steels, in 
dynes per sq cm , are summarized in Figs 462 and 463 The dotted curves refer 
to steels heated to 1100° and quickly cooled, and the maximal values due to the 
presence of carbide, as in the conductivity-concentration curves F Polzguter and 
W Zieler studied the effect cf annealing on the properties of tungsten steels 

K Honda and T Matsushita measured the coeff of thermal expansion, and 
the results at 100°, 500°, and 850° are shown m Fig 464 The values at 100° 
rod 500° resemble the conductivity curves (g v ) Here there are two maxima, 
one corresponding with the presence of the double carbide F Stablem found 
that the mean coeff of thermal expansion decreases with mcreasmg propor 
tions of tungsten , and the heat conductivity is but little affected by mcreasmg 
proportions of tungsten The electrical and thermal conductivity curves are 
shown in Fig 465 The samples were annealed at 900° and then slowly cooled 
to room temp 

Generally speaking, a metallic compound has a less conductivity for electricity 
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and he 4 !! than one of its components tln^ cu entitf tungsten carbide and the 
double carbide all possess much le*s conducts it\ trim pure iron Hence, a* the 
content of tungbten increases the conductrvita of the ^uncr^ten steels increases m 
\irtue of the diminution of cementite and decrea c es owinc; to the increasing 
content of tungbten cirbide and of double carbide and tungstide The 
\ariation of the conducts lties of the tungsten ^teelh w th +he cone of tungsten 
is then the resultant of these effects But m sttei^ wl Obf» tungsten content is 
less than 5 per cent , the quantm of the double carbide large is compared with 
other compounds, and therefore the variation of the conduct mties *s principally 
effected b\ the double carbide The quantity of the carbide mcreaseb from rero, 
re iches a maximum at 1 84 per cent of tungsten ird f hen decreases henct , with 
the addition of tungsten, the conducts it les must at first rapidly and afterwards 
slowly decrease, until the> reach a minimum at 1 Si per cer* of tungsten and then 
slightly increase These theoreticil conclusions are m e\at* agreement with the 
ohseraed facts The steady decrease of the two conduct a s after reaching 



Fic 464 — The Thermal Expansion 
C ur\ es of Tungsten Steels 



Fig 4 bo — The Thermal and Electrical 
Conductivities of Tungsten Steels 


a small maximum, as actually observed, is attributed to the increasing content 
of tungsten carbide and tungstide at the cost of pure iron In the senes of tungsten 
steels containing 0 3 per cent of carbon, the quantities of the carbides are only 
half as large as m the former senes Hence, the minimum *nd maximum m the 
conductivity concentration curves m this senes must he much less conspicuous 
than in the last case, this conclusion also agrees with the observed facts 
W Brown found that the sp ht of a 0 16 C, 0 11 Mn, and 1*0 W steel is 0 1162 , 
028C, 0 28 Mn, and 35W, 01136, 0-38C, 020Mn, and 75\Y, 01100 and 
0 76 C, 0 28 Mn, and 15 5 W, 0 1041 There is an mcrease m the sp ht of steel 
by 0 0028 b} the addition of 1 per cent of tungsten, and with 3 5 per cent , the 
sp ht is the same as that of iron , while with the addition of 15 per cent T the sp 
ht is lowered 0 0093 F Wust and co-workers gave for the mean sp ht between 
0° and 6° up to 1500°, 0 03325+0 000001070 , and for the true sp ht at $° t 
0 03325+0 000002140 

Observations on the electrical resistance, R, of tungsten steel were made b> 
W F Barrett and co workers, L Gmllet, O Boudouard, etc W F Barrett 
and co workers ga\e 1 1 microhms, and A M Porfcevm, 1 5 microhms per cm cube 
for the increase m the resistance of iron produced b\ 1 per cent of tungsten 
F Stablem found that the sp resistance increased linearly with up to 7 per cent 
of tungsten, and then remained nearly constant A M Porteam gave for the 
resistance, R microhms per cm cube, for steels with less than 028 per cent of 
carbon 
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For the electrical conductivity, vu le Fig 465 The results agree with C Bene 
dicks formula with up to 7 per cent of tungsten, indicating that the tungsten 
is in solid soln With 0 8 carbon steels 

W 0 40 0 95 2 75 4 68 9 99 14 75 19 25 per cent 

p/normal 22 4 20 9 24 3 28 1 26 9 26 5 25 3 

quenched 39 1 39 6 40 9 41 2 39 5 32 3 31 0 

The agreement with C Benedicks 5 formula with up to 5 per cent of tungsten is 
taken to mean that this amount of tungsten is m solid soln H le Chatelier found 

08C o 0 W 0 76C 27W 

' * * , 

Quenching 760° 800° 850° 1100° 730° 780° 850° 1100° 

R 21 0 29 4 31 5 37 8 25 9 29 6 31 5 35 2 

The mcreased resistance on quenching beyond the lowering temp agrees with the 
assumption that a tungsten compound passes into soln This was also observed 
by T Swmden, who obtained 
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17 63 

19 12 

18 46 

19 98 
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G Tammann and V Caglioti discussed the recovery of the resistance after cold 
work P W Bridgman studied the press coeff of the resistance E L Dupuy 
and A M Portevm found the thermoelectric force of tungsten steel against 
copper, expressed in millivolts, to be 
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S Cune found that tungsten increases the coercive force and residual magnetism 
of steel On heating, it still loses its magnetic properties between 700° and 750°, 
and regains them on cooling, but at a rather lower temp than that at which the loss 
occurs on heating L W Wild, A Abt, S Saito, C C Trowbridge, C Chistom 
and G G de Vecchi, E Gumlich, R L Dowdell, J Wurschmidt, E A Watson, 
S Evershed, G Hannack, A M Parkin, T Spooner, K G Brecht and co-workers, 
N I Spiridovich, and B Hopkmson made observations on the magnetic pro- 
perties of tungsten steels W F Barrett observed that as the carbon and tungsten 
mcreased, the coercive force mcreased, while the maximum induction, for 45, 
decreased , thus 

Intensity of Magnetization 


a 


C 

W 

Maximum 

Remanent 

— 

000 

1335 

778 

022 

120 

1320 

568 

0 28 

3*40 

1305 

998 

0 38 

7 47 

1266 

1081 

0 76 

15 65 

920 

766 


Coercive force 
1 66 
3 23 
5 73 
9*02 
13 92 


The retentmty or remanence of the steel with about 7 5 per cent tungsten steel 
is high, m agreement with the observation that the tungsten is specially well suited 
for making permanent magnets R A Hadfield said that one peculiar effect of 
tungsten m high-carbon steel is the great increase m retentiveness , but with steels 
low m carbon the effect is not so marked This is taken to mean that the action 
of tungsten is indirect m causing the carbon present to become very in tima tely 
combined Tungsten m the presence of low-carbon steel interferes with the 
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permeability much less than chromium, nickel, and other elements Probably, 
therefore, tungsten steel “with high carbon, more readily permits the steel to become 
permanently magnetized, so that m its presence the intimate union of carbon and 
iron m the quenched steel enables the imparted magnetic energy to be retained 
T Swinden made a series of observations on approximately 3 per cent tungsten 
steel, normalized by heating it to 950° for 15 mins and cooling freeh m air , annealed 
by heatmg 3 hrs at 950°, and kept between 930° and 960“ for 90 mms and cooled 
over 8 hrs m the muffle , hardened, by heatmg to 900° and quenching m water , 
and tempered at 60°-75° for 14 hrs A selection from the results is summarized 
m Table LXXXI In Table LXXXI, A denotes annealed , X , normalized , 
H , hardened , and T , tempered As the proportion of carbon increases, the maxi- 
mum induction decreases, and the maximum remanent intensity unimpaired 

Table LXXXI — -Magnetic Properties op Tungsten Steel {#—150 C G S Lnits) 
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126 

1490 

9,250 

737 

5-65 

51 

— 
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112 

1320 

11,370 

906 

19 40 

17 1 

2080 
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T 
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1532 

14 100 

1124 

12 10 

— 

1410 

1123 

0 218 

3 24 
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9 200 

734 
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— 

— 
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1460 

9,450 

753 

16 30 


— 

— 



H 

109 

1280 

10 970 

873 

39 50 

39 4 

2490 
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125 

1475 

13,200 

1052 

18 50 

— 

1580 

1260 

0 480 

311 

A 

124 

1475 

9,550 

761 

740 

— 

— 
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118 

1406 

11,360 

90S 

18 20 

, 17 2 

1730 

— 



H 

104 

1223 

11,350 

905 

43 40 

42 9 

7670 

137 9 



T 
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I486 

14,770 

1177 

18 90 

— 

2870 

612 0 

0 57 

3 17 
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945 

— 
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i — 

2285 
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11,630 

298 

920 
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1 2510 

— 
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101 s 
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10,870 

868 

17 40 

59 2 

7000 
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T 
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14,750 
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— 

2690 

6380 
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3 08 

A 
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1380 

12,100 

965 

21 70 

— 

1540 
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N 

112 

1324 

12,020 

960 

— 

— 

6490 

— 



H 

73 

868 

7330 

584 

— 

661 

3910 

1195 



T 

123 

1459 

148 

1183 

10 90 

) — 

— 

517 8 

107 

3 09 

A 

106 

1258 

11,640 

930 

14 40 

— 

t 1250 

3115 



N 

109 

1282 

11,800 

940 

64 90 

— 

5700 

~— 



H 

59 

693 

6,020 

480 

— 

, — 

1 4690 

097 



T 

113 

1$40 

12,080 

964 

26 50 



4540 


by the 3 per cent of tungsten The remanent magnetism is higher than for 
quenched carbon steels With lightly annealed tungsten steels, the coercive force 
is almost identical with that of comparable carbon steels S Curie observed that 
with steels with a higher proportion of tungsten, the coercive force is increased 
irrespective of carbon F Stablein found that the coercive force of iron-tungsten 
alloys rises sharply with up to between 5 and 10 per cent of tungsten, reaching a 
well-defined maximum at 15 per cent of tungsten The subject was discussed by 
F W Harbord , and W F Barrett and co-workers obtained better results for 
magnetic steels when manganese was absent T Swinden found that annealed, 
3 per cent tun gs ten steels gave hysteresis losses very little different from carbon 
steels, while with the normalized steel, the losses were higher, and still higher with 
hardened steel J O Arnold inferred that in iron containing 0 1 to 09 per cent 
of car bon, and quenched, the permanent ma g ne tism is directly proportional to 
the hardening carbon The ratio of the remanent and permanent magnetism 
increases steadily with up to 0 53 per cent carbon with the annealed and normalized 
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bars , the tempered steel gave a uniform increase up to 0 9 per cent carbon , and 
the hardened steel ga\ e a maximum with 0 4 per cent carbon In general, a steel 
which is physically hard has a high coercrv e force and a high remanent magnetic 
intensity G Mars discussed this subject and his results for tungsten steel are 
summarized m Table LXXXII, the data for the magnetization refer to arbitrary 

Table LXXXII — The Hardness and Magnetization of Tungsten Steels 


Composition Magnetization 


Hardening Bnnell s 


c 

Si 

Mn 


temp 

liardness 

Just after 
magnetizing 

After 

8 dajs 

Percentage 

loss 

1 15 

020 

0 23 

0 68 

780° 

600 

69 5 

68 5 

29 

1 16 

0 19 

0 20 

1 20 

750° 

744 

76 5 

76 0 

13 

0 64 

025 

0 26 

1 12 

820° 

713 

76 5 

73 5 

39 

0 62 

0 22 

0 20 

196 

800° 

782 

85 5 

84 5 

18 

1 20 

028 

0 29 

3 22 

, 740° 

782 

66 5 

65 5 

45 

0 57 

0 18 

0 26 

5 47 

1 930° 

782 

90 5 

905 

0 

1 25 

0 27 

030 

8 65 

930° 

782 

610 

58 5 

41 

1 25 

— 

— 

30 0 

, 850° 

1 

578 

19 0 

— 

— 


units on the magnetometer, and to steels quenched, from the temp named, m 
water at 10° to 15° He also obtained results for chromium-tungsten steels These 
steels were also examined by L Guillet, F Osmond, and W Brown U Adelsberger 
discussed the hysteresis losses The magnetic properties of the tungsten steels 
were examined by J Trowbridge and S Sheldon, H Scott, W Siemens, and 
C W Siemens R L Sanford and W L Cheney observed the maximum induction 
of oil-quencbed tungsten steel to be 11,200, and the coeicive force, 680 
W A Wood found that the coercive force may be reduced to a fifth of its optimum 
value at about 950°, and it can be restored by heatmg to 1250° The hardness 
vanes in the same way The decrease m magnetic quality and hardness at about 
900° is due to the disappearance of lattice distortion, and the recovery at 1250° 
is due to the re introduction of the distortion Lattice distortion is the mam 
factor in the spoiling and recovery of tungsten magnet steels 

K Honda and S Shimizu found that the intensities of magnetization, I, with 
different field-strengths, #, at —186° were 


H 

1 37 

5 89 

12 40 

28 8 

62 7 

272 4 

570 

I 

13 

64 

254 

1035 

1235 

1468 

1557 

and at 30 7° 

H 

2 16 

6 91 

10 35 

25 8 

1112 

333 

557 

I 

21 

104 

376 

1064 

1326 

1463 

1509 


K Honda and S Shimizu measured the magnetostriction of tungsten steel 
K Honda and T Terada found the change in the coeff of elasticity, 8j E[E, by 
magnetization is small, gradually increasing as the strength of the magnetic field 
increases , SEJE x 10 2 rises from 0 08 with #=245, to 010 with #=380 The 
magnetostriction or elongation, SZ/Z, by magnetization increases at first rapidly, 
then slowly, and finally decreases With a load of 1693 grins per sq mm , Sljlx 10 6 
rose from 0 03 to 1 39 as # changed from 10 0 to 24 9, and from 1 39 to 3 72 as H 
changed from 24 9 to 167 2, and it fell to 3 28 as J? rose to 399 With a load of 
5762 grins per sq mm a SZ/Z X 10 s rose from 0 03 to 1 05 as # increased from 8 9 
to 25 0 , it then rose to 2 51 as # was raised to 166 0, and fell to 1 93 as # changed 
to 397 The mcrease m the rigidity, x 10 2 , with magnetization is small rising 
from zero with #=136 to 0 51 with #=429 The change m Poisson’s ratio. 
Safer xlO 2 , rose from zero with #=100 to 0 3 with #=300 The change of 
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magnetization, 8I V with initial loading arrl 81 , jwth ejchc loading, for loadz in 
tension, T grms per sq mm , 1 - 


7 

i*- 

■♦M7 

* in 

.8/ 

0 4 

2 0 

U 5 

*d/« 

0 2 

O 4 

O 7 

8/ 

-O 1 

-1 *» 

-2 b 

K 

-0 i 

-1 ~ 

-24 


*V»T Vi It*)} 


H=- >il 

K Honda and T Ter id*i also found that w:t>' \ a n^ant ten-ion tLe n ignetu&tion 
increases rapidly m low fields and gradual 1 v approaches **ntura + itm Thev a^so 
examined the effect of a twi<^t, and of a combined twist and tension on t* c mafirnetxza- 
tion In all cases the reciprocal nature of the cnange3 of strains h\ is agnetizatio i 
and of the changes of magnetization by s f ram were established For instance, 
magnetic elongation under constant tension, vnd of magn^+ization a der constant 
tension , of elongation by tension under a constant field, and tne change of magnet 1 
zation by tension under a constant field ot magnetic twi-tmg under a constant 
couple, and magnetization under a constant +wi^t and cf the change of rig d t\ 
under a constant field , and the change of magnetization by twi^ ar«Vr a t on^t in* 
field 

E Martin studied the absorption of hydrogen and nitrogen bv tungsten steels 
and L Losana and G Reggiam, the corrosion of tungsten steels According to 
R A Hadfield, the percentage losses in weight wmch occurs after tne metal ha*> 
been immersed for 21 days m 50 per cent sulphur c ac.d, were 


C 

0 15 

0 21 

0 28 

0 38 

O ~t> 

0 78 per tent 

\\ 

020 

1 49 

3 40 

7 47 

13 C> 

16 18 „ 

Loss 

5 01 

350 

2 25 

4 >0 

3 73 

3 50 



when the percentage loss with ordinary steel was 3 97 with mdd *tcel 2 H9 , and 
with 99 80 per cent iron, 4 52 

L B Pfeil observed a three layer scale — r tdc supra— is formed when tungsten 
steel is heated for several hours at 1000° m air The f ungsten m ?bo^t +wk* is 
concentrated m the innermost layer as it 
is m the original steel , tungsten also occur* 
m the middle layer, but very little is 
present in the outer lay er Some tungsten 
oxide is volatilized, but not enough to 
explain the impoverished outer layer 
0 Chappell said that the presence of 3 
per cent of tungsten has practically no 
effect on the corrodibility of carbon steels 
by sea-water Y Utida and M Saito 
found the gam m weight, m grams per 
sq cm , when the tungsten steel with 
about 0 07 per cent of carbon is heated 
for an hour at 1100° , and the loss in weight, in grams per sq cm , when the 
metal is immersed m 10 per cent acid for 24 hrs 

Tungsten 
At 1100 " 

HNO, 

HC 1 

HtSO, 

H Endo’s results, shown m Fig 466, represent the losses, in grama per sq cm, in 
5 hrs at ordinary temp , with alloys containing 050 to 056 per cent of carbon, 
and the given amounts of tungsten The results of G Grube and K. Schneider 
showed that the greatest attack occurs with the alloy corresponding with +he 
compound Fe^Wg C F Burgess and J Aston found that the progress ot the 
corrosion of alloys of tungsten and non, expressed in grains per sq dm , b> 


Fxcf 


40 & 

Per c* 0 * 4/ 

466 — Corrosion of Iron Tui gfe + en 
Alloys by Acids 


0 

040 

0 73 

2 85 

463 

6 63 

8 S4 runt 

0 0212 

0 0397 

0 0344 

0 0291 

0 0221 

0 0227 

0J06 

0 9380 

0 5890 

— 

0 5642 

0 5207 

04545 


0 0712 

0 1427 

0 1222 

0 0576 

0 0335 

00184 

0 0117 

0 0990 

0 97fM5 

0 0638 

0 0476 

0 0328 

002”$ 

0 0171 


vol xni 


2 T 
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20 per cent sulphuric acid for an hour , and by exposure to weather conditions 
for 162 days from July to February, expressed m kgrms per sq metre, is as 
follows 

W 0 406 0 926 2 334 3 553 5 982 9 849 13 641 23 866 per cent 

Acid 0 363 0 088 0 086 0 332 0 304 0 398 0 365 0 183 

Air 0 371 0 302 0 302 0 308 0 293 0 195 0 329 0 215 

L Aitchison found for the loss m weight per 100 sq cm of tungsten, with nearly 


3 per cent of tungsten 






C 

0 47 

0 20 

0 58 

0 88 

1 08 per cent 

NaCl 3 per cent 

156 

1 68 

1 83 

1 04 

170 

■tt qa / 1 per cent 

2 16 

2 80 

2 87 

5 37 

64 

4 95 

3 60 

5 13 

3 98 

4 83 

and for steels with nearly 0 7 per cent of carbon 



W 2 36 

5 37 

9 74 

14 96 

215 

26 3 per cent 

Tap water 0 970 

0 930 

0 976 

1 100 

0 940 

0 970 


S Satoh studied the nitndization of these steels by heating them m ammonia at 
560° to 580° , and O Bauer, J S de Benneville, C Duisberg, R A Hadfield, and 
W H Hatfield studied the retarding effect of tungsten on the corrosion of steel 
F Osmond studied the corrosion of a Mushet s chromium-tungsten steel with 1 per 
cent sulphuric acid G Mars, and O Bauer also made observations on this subiect 
Y Utida and M Saito found that tungsten, decreases corrosion, but L Aitehisbn 
said that it does not appreciably reduce corrosion when it is present in the carbide 
phase 

E Maurer and W Haufe discussed some tungsten-silicon-iron alloys , and 
J Swan, the effect of silicon on some tungsten magnet steels , H J French, 
W Kahlbaum and co-workers, A Schevchenko, and H Pommerenke and 
R Dewert, the chromrum-tungsten-vanadium steels According to E Maurer 
and co-workers, the addition of chromium increases the solubility of tungsten m 
steel A Schevchenko, and L Guillet prepared tongsten-chromium steels con- 
taining from 0 124 to 0 849 per cent of carbon, 0 94 to 20 44 per cent of 
chromium, and 1 98 to 20 3 per cent of tungsten The structures which the 
hypoeutectoidal tungsten chromium steels can assume are pearlite, martensite, 
martensite and carbide, carbide with a background probably of sorbite, and 
carbide with a background of y iron The influence of tungsten may be superadded 
to that of chromium with the production of martensite The most frequently 
occurring structure is that with grains of carbide more or less numerous on a back- 
ground of what is thought to be sorbite When tungsten is added to a pearhtic 
chromium steel, it adds its influence to the chromium to form martensite , if an 
excess be added, martensite is not formed, but troostite or sorbite If the 
percentage of carbon reaches 0 5, a carbide, probably a triple carbide, is formed 
If tungsten be added to a martensitic chromium steel, the steel remains martensitic 
so long as the proportion of tungsten is small , if otherwise, carbide is formed 
with a background of probably sorbite The addition of tungsten to a chromium 
steel already containing carbide has the effect of increasing the proportion of 
carbide only Quenching at 850° transforms pearlitic steels into martensitic 
steels, and partly so with steels containing carbide When a tungsten-chromium 
steel containing carbide is quenched from 850°, m water at ordinary temp , the 
amount of carbide is somewhat diminished, but the carbide does not all disappear , 
if the steel contains troostite, it becomes mar tensitic, but with steels containing 
high proportions of carbon and tungsten, part of the troostite persists , if the 
steel is martensitic, it remains so, but a little y-iron may be formed , and if it contains 
y-iron, that constituent remains If steels be heated to 1250°, the longer the period 
of heating, previous to quenching, the greater the proportion of carbide which is 
destroyed Half an hour’s heating at 1200° was sufficient to cause the carbide to 
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disappear m all the cases examined Similar effects can be obtained by heating 
the steel for a longer time at a lower temp Innealmg ln> no perceptible effect 
on the microstructure, excepting that the carbide if present Incomes a little better 
defined Cooling m liquid air, or subjecting the steel to stresses produced no 
change m the microstructure The case hardening of all the carbide steels increases 
the proportion of carbide, and a martensitic steel cor taming carbide undergoes 
in the case hardened portion a transformation into troostite or sorbite , whilst 
martensitic steels not containing carbide have after case hardening carbide em- 
bedded m a background of troostite J S de Benneville, R Honda and 
T Murakami, and A Michel and P Benazet studied the structure of the chromium 
tungsten steels A E White and C L Clark found that a steel with 7 93 per 
cent of chromium, and 7 70 per cent of tungsten, quenched from 1232% had the 
highest proportional limit yet recorded at 538°, nameh, 100,000 lbs per sq m 
L Guillet found that the mechanical tests on the normalized steels show that 
with the pearlitic steels, the tensile strength, elastic limit, and resistance to shock 
are raised, and the elongations are lowered The martensitic steels have a high 
tensile strength and elastic limit, and a low elongation , thev are also hard and 
brittle Steels containing both carbide and martensite have a high tensile strength, 
a low elastic limit, and a medium elongation , they are hard and brittle Similarly 
also with steels containing carbide and sorbite Here the mechanical properties 
vary but little with the proportions of the various elements present, except the 
elastic limit which slowly increases as the carbon and chromium increase, and is 
reduced when the proportion of tungsten is high Steels containing carbide, and 
polyhedra of y-iron, have a low tensile strength, elastic limit, elongation, and 
reduction of area, while the brittleness is high On quenching from 850°, when the 
proportions of chromium and tungsten are fairly constant, the hardneBs increase* 
as the percentage of carbon is raised , when the proportion of tungsten alone 
vanes, the hardness reaches a maximum with 8 per cent tungsten — carbon 
>0 73 per cent , and when the proportion of chromium alone vanes, the hardness 
is reduced as the percentage of chromium increases owing to the fact that it becomes 
increasingly difficult to dissolve the tnple carbide W hen the steel is quenched from 
1200°, the hardness of all steels containing carbide is mcreased owing to the dis- 
solution of the carbide, and prolonging the penod of heat mg before quenching 
increases the hardness to a maximum A similar result is obtained at a lower 
temp if the duration of heating be prolonged The more energetic the quenching 
medium, the lower the degree of hardness owing to the presence of y iron Anneal- 
ing at a high enough temp , 900° to 1200°, increases the grams of carbide and 
induces extreme brittleness, lowers the tensile strength and elastic limit, and reduces 
the elongation and rednction of area W Kahlbaum and co-workers, E Maurer 
and W Haufe, and W Schneider and E Houdremont studied the mechanical 
properties F Robin found that the high-speed, sorbitic, chromium-tungsten 
steels offer the highest resistance to crushing This resistance uses rapidly at 
reduced temp , and at —185° is very high , a fall m resistance occurs at about 
500°, and at high temp the curve is almost linear — at 1100° the resistance 
is nearly double that of mild steel The subject was discussed by L Grenet 
F Robin discussed the acoustic properties of the chromium-tungsten steels but 
observed no specially noteworthy characteristics C F Wurth also examined the 
effect of tungsten on the corrodibility of chromium steels L Guillet, and 
W Kahlbaum and L Jordan discussed the mtridization of the chrosnxiziii- 
tungsten- vanaffium- mm alloys. J S de Benneville, and J \ Emmons 
studied the m^bdenum-tui^stmMron. alloys* 

The lrosraramam alloys have not been closely investigated Uranium, like 
molybdenum and tungsten, is considered to be an alloying element , and it also 
forms carbides, and possibly enters into combination with the cementite of steel 27 
A Sfcavenhagen and E Schuchard prepared the alloys by the thermite process, 
and F Peters by electrometallurgical processes Uranium is readily oxidized. 



644 


INORGANIC AND THEORETICAL CHEMISTRY 


and, according to G K BuTgessandR W Woodward, is liable to leave its oxide in 
the steel H W Gillett and E L Mack also found that it segregates badly Up 
to 2 per cent , it has no marked effect on the critical ranges of steel , nor does it 
increase the tendency to hardening to an> great extent E L Reed studied the 
subject H S Foote said that 0 60 per cent is ad\ antageous, and E P Poluskm 
added that while it increases the strength and toughness of steel, it does nothing 
which cannot be as well accomplished b\ less costly elements Allo\ s with 
over 40 per cent of uranium are decomposed bv water There may be present 
uranium, the carbides UC, Fe 3 C t T 2 0 3 , U2C3, Fe 6 U, and the oxide U 3 0 8 
H S Foote observed no useful effect with cast iron The alloys were discussed 
by F F Mueller and R W Harris, J M Flanner) , P A Heller, J Ohly, 

I Musatti and G Calbiam, H S Foote, E Y Britzke and co workers, P Blum* 

P Girod, A Haemg, H Fleck, P Oberhoffer, E Lieveme, H J French and 
W A Tucker, G and E Stig, W Borchers and R W Stimson, H C H Carpenter, 
0 J Stemhart, J Johnson, R M Keene} , J W Richards, J Escard, A F Braid, 

G J Horvitz, F M Becket, R P Neville and J R Cam, and H W Gillett 

and E L Mack F Roll showed that uranium favours the graphitization of 
cast iron J Laissus discussed the diffusion of uranium m iron S Satoh studied 
the mtndization of these steels b} heatmg them in ammoma at 560° to 580° 

Soon after the discovery of manganese m the eighteenth century, S Rmman 28 
obtained an impure iron-manganese alloy, or ferromanganese, by meltmg grey pig 
iron with an equal weight of manganese ore The alloy was brittle , the fracture, 
white , and the manganese deprived the iron of its usual magnetic properties 
W Sowerby stated that old Persian steel blades were made from a kind of mangan 
iferous iron stone, tempered m oil , and in Spam, the Toledo blades were also manu 
factured from a mangamferous iron stone T Bergman gave for his analyses of 
Swedish iron and steel 


Ferruin crudum 
(cast iron) 

1 errum cusum 
(forged iron) 

Chalybs 

(steel) 

A. 

r 1 

Mm Max 

r ir ~ 1 

Mm Max 

Mm Max 


Silicon 

10 

34 

0 05 

03 

03 

09 

Carbon 

10 

33 

0 05 

02 

02 

08 

Manganese 

05 

30 0 

0 50 

30 0 

05 

30 0 

Iron 

63 3 

97 5 

99 50 

99 4 

68 3 

99 0 


This, said D Mushet, attracted the attention of the manufacturers of iron and 
steel at the beginning of the nineteenth century, and attempts were made to alloy 
manganese with iron The use of manganese m the manufacture of iron and steel 
was patented b} W Reynolds in 1799 , b} J Wilkinson m 1808 , by J M Heath 
m 1839 , and bv R F Mushet m 1856 A legal case arising from the infringement 
of J M Heath s patent was discussed by T Webster, and J Percy D Mushet 
thus summarized his observations on the subject 

I was now satisfied that ores of manganese might be smelted with success along with 
our common argillaceous iron stone in the blast furnace, with a considerable augmentation 
of metallic produce and much pleased to have discovered the fact that iron allowed with 
manganese m certain proportions (22 per cent ), ceases to be obedient to the magnet 
This fact alone renders it extremely probable that the presence of manganese is not essential 
to the formation of good steel , and that those irons analyzed by T Bergman contain no 
notable quantity, seeing that the strongest and most durable magnets are made from steel 
manufactured from such iron 

C J B Karsten said that manganese is a very common companion of iron, but 
the most he had observed was 1 85 per cent To-day, the manganese finds its way 
m Bessemer and open-hearth steels during the addition, of the decarbunzer, and, 
as emphasized by A L Baikoff, it can be regarded as a normal constituent of steels 
One important result of the addition of manganese is to remove sulphur, so that 
the greater proportion of the manganese added passes into the slag as manganese 
sulphide According to E F Law, that remaining m the steel is readily recognized 
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by covering the surface with gelatin mixed with an itid»c soln of \ cadmium salt 
The acid attacks any exposed manganese sulphides, liberating h\drogen sulphide 
which produces y ellow cadmium sulphide m the gelatin In lfcb5, H Bessemer 
emphasized the use of manganese m iron , in 1865, W Henderson marufactured 
ferromanganese with 23 to 35 per cent manganese, and m 1^71, F Kohn discuw»d 
the production of alloys of iron and manganese, with particular reference to tin 
manufacture of spiegeleisen The manufacture of manganese bteel b\ Hender- 
son s process was taken up by A Pourcel m the Terr-Noire <*o m France in l H bT , 
and m 1876, F Gautier predicted 

The judicious combination and treatment ol the different eh n »nts which art- at tl t 
disposal of the metallurgist will attract more attention m the futun asoiiiv tie is known 
on this question at present Amongst the elements which mav h most reatiiH u&ed fci 
admixture is manganese , it is found plentifully and is a most actrw eh i ent 

Great improvements in the manufacture of manganese steels and a detailed 
examination of the properties of the metal were made bv R A Hadfie’d m 
and subsequent years In consequence, there is now a\ailable a great deal id 
information on the strength and weakness of these allots The subject has been 
discussed by H M Howe, and others The manufacture and uses of manganese 
iron, steels, etc , were discussed by R J Anderson, E S Bardwell, L J Barton, 
0 Benedicks, E Buttgenbaeh, R Cazaud, D Chrk and J Coutt^, H I Coe, 
E F Cone, E Decherf, S H Dolbear, B Egeberg, J E& d T Fujih 
F L Garrison, W H Greene and W H Wahl C D Gner, K P Grigorov ico 
and V S Yemelyanoff, W Guertler, A Hamg, J H Hall, W Hampe, J Harden, 
W Heym, G Hofer, J H Hrusha, W G Imhoff, E Indenkempen, J E Johnson 
M Kauchtschischwdi, R M Keeney and J Lonergan, R M Keener and 
co workers, E F Kern, B G Klugh, R Korten, V G Kotelmkoff E Kothny , 
E F Lake, W S McKee and J M Blake, G P Messenger, E Monaco, P Ober 
hoffer, F Peters, J W Richards, P H Royster, H K von Schiele, G P Scholl 
F Schroedter, E L Shaner, 0 Simmersbach, 0 J Steinhart, G and h Stig 
S R Stone, G Surr, R R Tatlock and R T Thomson, H Thaler, E E Thurn, 
P M Tyler, W Venator, F M Walters, J D Week* and G L Stone, C M Weld 
and R S Wile W R Hulbert used the thermite process The method* of 
preparing ferromanganese were indicated m connection with manganese F Sauer 
wald, and A N Campbell prepared alloys electrohticallv G Oishi, F Koroe 1 * 
and W Oelsen, and G Tammann and W Oelsen studied the distribution of 
manganese between the slag and molten steel 

According to R A Hadheld, manganese steel is not as liable to honeycomb is 
ordinary steel, and the counter-agent silicon is unnecessary The molten met a 1 
is very fluid, and it can be run m thm sections , but it cools more rapidly than 
ordinary steel, and its contraction is greater Hence its tendency to piping amt 
settling, both in ingots and castings, unless proper head or runners are employed 
The steel is manufactured bv ordinary processes Highly heated or molten ferro 
manganese is added to molten decarbonized iron or mild steel The proportion 
of carbon should not exceed 1 per cent or the product will be inferior About 
05 per cent of the manganese is oxidized during the preparation of the steel - 
vide infra According to R A Hadfield, when less than 0 10 per cent of manganese 
is added to decarbonized iron, it is very difficult to roll or forge the ingots, but aboy e 
this they become malleable , mild steel with 0 2 per cent of manganese is unsound 
and rises in the mgot moulds, the honeycombs, however, close up on being forged, 
rolled, or otherwise reduced \s the proportion of manganese is increased, the 
material becomes sounder, but on exceeding 1 per cent , the steel becomes tender, 
the elongation is much reduced, and the material is of doubtful commercial \alut 
The steel liecomes brittle and rotten with about 2 5 per cent , and with between 
2 5 a-Tifl 7 5 per cent manganese, the cast matt nal is brittle, like gUs* , and although 
ductile when hot, it can, when cold, be reduced to powder bv a hand nannnei 
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When the cast material is heated, and hammered or forged, it gams considerably 
in strength, and the gram of the bar is coarse and white but if re-heated, and 
cooled m air, it acquires a close grained texture, and this self hardening manganese 
steel is suitable for turning tools and cutters When the proportion of manganese 
passes beyond 7 5 per cent , the peculiar brittleness and hardness begm to disappear, 
and the steel becomes hard enough to compete with chilled iron for articles to 
resist wear and tear The increase in toughness contmues up to about 14 or 15 per 
cent , when a decrease m toughness but not in transverse strength occurs Beyond 
20 per cent manganese causes a rapid decrease m toughness In the hot forging 
of the manganese steel, there is a tendency for surface oxidation, so that some 
carbon is burnt off N Czako said that steel with a high percentage of manganese 
can be welded The wor kin g qualities of the alloys were discussed by C F Burgess 
and J Aston, H P Evans, and W S McKee 

A Fry, J Cournot, N Ageeff and M Zamotorm, and F C Kelley discussed 
the diffusion of manganese in solid iron , and W F Holbrook and co workers, 
in molten iron According to M Levin and G Tammann, the f p curve 
indicates the absence of any compound of iron and manganese , there is only 
an unbroken senes of solid soln of the two metals Under the microscope, 
there seem to be two structural elements, but this is due to the fact that 
durmg rapid cooling, equilibrium is not established between the liquid alloy and 
the solid soln , so that crystals ncher m iron separate first and then become snr 
rounded by others ncher m manganese The magnetic permeability of the 100 per 
cent iron alloy disappears at 950° and returns at 750° , that of the 90 per cent 
iron disappears at 820° and returns at 715° , and that of the 80 per cent iron 
disappears at 750° and returns at 720° G Rumelm and K Fick also studied the 
equilibnum diagram , and P Goerens combined the two sets of results m the one 
diagram E Oehman also examined the alloys by means of the X-radiograms and 
summarized his results m Fig 467 The ranges of stability of the various solid 



soln are indicated The face-centred, cubic y-iron, and the face-centred, tetragonal 
y-manganese are said to form a continuous senes of solid soln , but there may be 
a break at about 70 at per cent manganese where the cubic structure becomes 
tetragonal — vide infra The vol per atom is a lmear function of the composition, 
and increases from II 32 A 8 for pure y iron, to l2 56 A 8 for pure y-manganese 
The solubility of iron in j8-manganese increases from 0 per cent at 1191°, the 
transformation point of y Mn->/J-Mn, to 35 at per cent at 730°, b\ saturating the 
alloy with iron, the httice parameter decreases from 6 305 A to 6 251 A The 
transformation point of ft Mn->a Mn is but little affected by iron The solubility 
of iron m a-Mn is very little affected by the temp At 490°, it amounts to alxmt 
37 at per cent , and at 690°, to 34 at per cent By the dissolution of 36 at per 
cent of iron, the lattice parameter changes from 8 904 A to 8 864 A The vol per 
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atom for/? manganese is 12 53 A 3 and fora nungai ese, 12 17 A* The ji Jln-*a Jin 
transformation is accompanied bv a considerable change of \ol The lattice 
dimensions of a manganese are smaller per atom than those of the other modifica 
tions, and it is also less affected bv the introduction of iron atoms m the lattice 
The break m the solid soln senes between a manganese and y iron extends over 
the range of 15 at per cent The break m the solid soln between B 3In and /-Fe 
is narrow — at 800° it amounts to about 4 per cent The e phi*-e vitn a ckr-e 
packed, hexagonal lattice extends o\ er 12 to 23 at per cent manganese, and probably 
to 30 at per cent manganese The e phase is not ■-table o\er 500° The e-pha*^ 
with 22 9 per cent manganese has a space lattice with a =2 541 A , c~4 106 A , 
ind a c—l 1 616 There is a considerable decrease m vol m pacing from 
yFe to the e-phase The solubility of manganese m a-uon is \er\ >raall The 
break between they Fe and the a-ie phases increases as the temp fills, and the 
limits cannot be followed be} ond 500°, and be} ond 30 at per cent The s*em 
was also studied b} V N Rrivobok A Osawa found that the hexagonal, close 
packed lattice observed bv T Ishiwara has the axial ratio a c= 1 1 61, and 
corresponds with iron pentitamangamde, Fe 0 Mn Mangine&e quenched from 
1200° has a face centred, tetragonal lattice with the axial ratio a c=l 0 961, and 
allo}s with 7 96 to 38 62 per cent of iron, similarly treated, have the face centred, 
tetragonal lattice with a c varying from 1 0 96 to 1 1 Five phases were 
observed m the iron-manganese system the bod\ -centred pha*e extending from 
91 to 100 per cent iron , the hexagonal phase extending from 78 to 84 per cent 
of iron , and a and jB-manganese extending from 0 to 35 per cent The solid soln 
made by y-iron, and y manganese occurs throughout the whole senes of allovs at 
a high temp 

T Ishiwara s results aTe summarized in Fig 468 The alloys with less than 
17 per cent of manganese undergo the y -> a or the J 3 transformation it positions 
corresponding with the dotted curve A 3 W , but, on the heating curve, with the 
dotted curve A 3 B" Hence, as shown bv H Esser and P Oberhoffer, the pro- 
gressive addition of manganese to iron results m the progressive lowering of the 
A 3 -transformation, and there is also a steady increase m the temp hysteresis of the 
transformation The true boundary curve is estimated to be represented bv A S B 
The curve A 3 G represents the solubility of manganese — about 3 per cent — m iron 
at the temp indicated A Sauveur said that, m accord with the work of 
C R Wohrman, a solid soln of 3 per cent manganese in y iron mav occur at a 
high temp , and that the resulting manganese-austenite breaks up on slow cooling 
into a-iron, which ma} retain some manganese m soln , and of a pearhtic constituent 
— manganese pearhte T Ishiwara, howe\ er, said that the alleged pearlitic structure 
is not present m carbon free alloys , and when it is present, it corresponds wi + h the 
structures belonging to the iron carbon system with alloys containing over 17 per 
cent of manganese , another transformation, y to k solid Boln , begins on cooling at 
140° to 20° and ends at about 50° to —60°, and on heating, it begins at 100® to 
230° and ends at 170° to 280° The mean temp of the y-h transformation are 
represented by the curves BF and DO The y-k transformation occurs with alloys 
containing 17 to 30 per cent of manganese The alloys at first show a remarkable 
change in vol , which finally diminishes and becomes inappreciable , the alloys also, 
at first, have a Wi dmann s tatten structure, characteristic of the A-state , and finally, 
a unif orm austenitic structure The y-h transformation is reversible , and the 
boundary curve of the y— phase is closed by the curve A&BF Alloys with a concen- 
tration between E and B should show two transformations, the pentectoid change 
y~A, and the A s change y-a Alloys with between 55 and 68 per cent of man- 
ganese consist of the y and a«t solid soln in the range of temp below about 800 , 
and of the y and/J* solid soln above this temp The heterogeneous alloys with 
both phases are bo unde d in the region JHH$IK An allov with b8 per cent of 
manganese fu rnishe s & uniform solid soln a*, and when heated it passes into tin 
state, a change accompanied by an abrupt expansion When further heated, tin** 
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alloy passes into the upper portion of the JHM^IK region, and afterwards enters 
the field of the y-solid soln At high temp , iron and manganese are miscible 
m all proportions to form the y solid soln Iron has a face centred, cubic lattice 
at these temp , and manganese has a face centred, tetragonal lattice at temp 
above Af s Hence, there is nothing to show that these elements correspond 
with one another to give rise to a homogeneous solid soln A Osawa showed that 
the axial ratio c a of the tetragonal lattice of manganese is less than unity, but 
it gradually increases with the addition of iron, finally to merge into that of the 
face-centred, cubic lattice The subject was also discussed by H Esser and 
P Oberhoffer, E L Reed, W Schmidt, T Murakami and M Mikami, and C H M 
Jenkins and M L Y Gayler JAM van Liempt said that it is doubtful if the 
X-radiograms support the view that iron and manganese form a continuous series 
of solid soln 

According to W S Potter, m the cooling of steel containing 10 to 20 per cent 
manganese, and 1 per cent carbon, y iron begins to freeze at about 1370°, and is 
for the most part frozen at about 1270° The eutectic freezes at 1125°-1080°, or 
perhaps at a little higher temp with low carbon and manganese mixtures The 
mechanical break-up of austenite begins at 850° to 825° Carbides separate 
between the grains at 710° to 650° The magnetism increases at 550° to 525° with 
further carbide separations between the grams, and there is a further mechanical 
separation at 430° to 420° In heatmg, if the steel is originally austenitic, there is 
a preliminary break up at 350°, a further break-up at 450° to 470°, and a complete 
break-up at 575°, with the separation of magnetic carbides of iron or manganese at 
475° to 575° In rolled steel, separated carbides begin to re-dissolve at about 725°, 
and this is completed at 850° to 870° with the re-formation of austenite Slight 
re separation of carbides occurs along the gram outlines as the m p of the eutectic 
is approached, begmnmg at about 1025°, and continuing to 1100° or over This 
is most noticeable m ingot metal, and taken together with the fact that the outlmes 
of the original freezing structures persist m the cast steel at temp below 1125° or 
thereabout, the remarkable tenderness of mgots between 1025° and 1125° is made 
clear In east mgot steel, the melting of the eutectic occurs at 1120° to 1140° if 
the heatmg is slow , and at about 1100° to 1130° if the heatmg be rapid The 
complete re solution of constituents and a re formation of grams with the first 
formation of uniform austenite occurs above 1150° Cementite re separates out 
extensively at about 1250° The mass melts at 1350° to 1375° or lower, depending 
on its composition The subject was discussed by J 8 Lloyd, N H Aall, B Kjerr- 
mann, J Strauss, J H Hiusha, Y N Knvobok, O von Keil and F Kotyza, 
E C Bam and co workers, J H Hall, J H Andrew and H A Dickie, and H Scott 
and J G Hoop P Schafmeister and R Zoja found that the proportions of 
carbon in the eutectoid decreases with increasing proportions of manganese, being 
0 83 per cent carbon with 1 per cent of manganese , about 0 77 with 2 per cent of 
manganese , and about 0 71 with 3 1 per cent manganese The percentage of 
ferrite in the steels decreases with the rate of cooling, and with an increase in the 
proportions of manganese The effect produced by the cooling is greater the higher 
is the percentage of manganese H A Schwartz and A N Hird observed that 
manganese when present of the order of magnitude of 0 25 per cent freezes out 
with the austenite , any sulphide freezes out at the begmnmg, and may be entrapped 
with the ledebunte entectic 

The manganese carbides were discussed m connection with the carbides, 5 39, 20 
J O Arnold and A A Read said that part of the iron in iron carbide is replaced 
by manganese m steels with a high proportion of manganese to form a manganese 
non carbide » and J E Stead also made similar observations with respect to the 
carbide residue remaining after a manganese steel had been dissolved in dil acid 
F Melius and co-workers also obtained a complex carbide from steel , and A Carnot 
and E Goutal stated that when o\er 74 per cent ferromanganese is treated with 
dil acid, it furnishes the complex carbide Fe 3 C 4Mn s C that 60 to 74 per cent 
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ferromanganese furnishes he 3 C 2Mn 3 C , and that 30 to 60 per cent ferromanganese 
yields 2Fe 3 C Mn 3 C The last carbide crvstalbzes m large plates during the cooling 
of ferromanganese blocks J 0 Arnold and A A Read observed that m steel® 
with up to 4 per cent manganese, the carbide residues are simply mixtures , 
possiblv a true double carbide, 3Fe s C \In 3 C, is present m steels with II 21 to 13 38 
percent manganese, and m steels with over 15 per cent manganese, the carbide 
2Fe 3 C Mn 3 C, or a mixture of carbides, is present It was inferred that at ordinary 
temp the manganese carbide is less stable thin the iron carbide because, according 
to C Benedicks, and 0 Ruff and E Gersten, the iron carbide of cementite is 
endothermal, and that of manganese carbide is exotherm d Carbon is assumed 
to have a stronger affinity for iron at the high temp and, converselv , at the low 
temp , the manganese is easily displaced by iron from manganese carbide F Wu^t 
found that the effect of manganese is to impart exceptional stabilitv to the «ohd 
soln , so that beyond afd, Figs 467 and 468, no double phases occur, bat onlv 
homogeneous solid soln H Lutke considered that 
manganese does not affect the percentage of carbon 
m solid soln until more than 49 per cent of man- 
ganese is present H Scott found that manganese 
has a marked effect on the temp of transforma- 
tion of martensite to troostite A Matsubara and 
J Takubo found that cathodic polarization of iron 
pyrites m dil sulphuric acid causes the ionization of 
one or both atoms of sulphur, which then combine 
with the hydrogen ions present to form hydrogen 
sulphide If the material is first made the anode, 
subsequent cathodic polarization gives rise to an 
abnormal amount of hydrogen, and certain natural 
specimens behave similarly without previous treat- 
ment The current yield is, m general, smaller when much hvdrogen is evolved 
F Roll observed that manganese in cast iron makes the cementite more stable 
The influence of carbon monoxide on solid soln of iron and manganese was 
studied by R Schenck and H Semiller The results for the press , p mm , of tne 
gas at different temp are as follow (i) 

634 672 691° 722 734 774 779® 

p 83 131 195 298 341 562 657 



Fig 469 — Tne Effect cf Man- 
ganese m Iron on th* Equi 
librium 2CO*=OO^C 


(u) with an alloy of 0 95 per cent of manganese, 96 6 per cent of iron, and 2 15 
per cent of carbon 

629 679° 731 7»>1 820 OUt 

p 28 41 86 101 180 396 802 


(in) with an alloy of 4 01 per cent of manganese, 93 0 per cent of iron, and 2 99 


per cent of carbon 
P 


853 

17 


911° 96 r >* 1010® 10SS 

28 46 74 162 


W 

170 


and (iv) with an alloy having 6 38 per cent manganese, 93 2 per cent of iron, and 
1 32 per cent of carbon 

943 ® 956 ® 981 1031 ® 1066 ® 1093 * 1110 * 

p 15 20 20 34 62 68 96 

The results are plotted m Fig 469, and they show the lowering which the equilibrium 
point undergoes at any given temp , say 960°, with increasing proportions of man- 
ganese This lowering is relatively great for even small proportion* of manganese 
For the cementation of manganese steels, vide supra > cementation and for observa- 
tions of E Adamson, A Allison, J H Andrew, J O Arnold and F K Knowles, 
O Bauer andK Sipp, H H Been}, 8 S Bebaeff, P P Berg and M S P-honik, 
E Maurer and W Bischof, A F Bjraid, J R Cain, A Camp-on, E Decherf, 
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C H Desch, J W Donaldson, A L Feild, H E Field, A 0 Fulton, F Gioktti, 
R C Good, E H Graef, J H Hall, C H Herty, C H Herty and G R Fitterer, 

0 H Herty and J M Games, H D Hibbard, T E Holgate, E Houbaer, 
H M Howe, E C Hummel, J E Hurst, C A Jacobsen, W Jellmghaus, 
J E Johnson, A Jung, 0 von Keil and co workers, E Killing, F Korbjer, 

1 Kotaira and M Maeda, E C Krekel, V N Krivobok, B M Larsen, K Leh- 
mann, E Leuenberger, S L Le\in, F A Matthewman, E Maurer, R P Ne\ille 



Fig 470 — Manganese Steel f X 100) Fig 471 — Manganese Steel ( X 100) 
Quenched from 1200° (G Mars ) Slowly cooled from 1200° (G Mars ) 



Fig 472 — Manganese Steel ( X 400) Fig 473 — Manganese Steel ( X 1200) 

Slowly cooled from 1020° and tern- Slowly cooled from 1020° (F Schaffer ) 
pered at 200° (F Schaffer ) 

and J R Cain, A L Norbury, P Oberhoffer and H Schenek, G Oishi, E Oughter- 
bndge, E Piwowarsky, A Pohl, W E Remmers, R T Rolfe, D Saito and 
K Nishiwara, H Schenck, J Shaw, N W Shed, G Sirovich, A E M Smith, 
S C Spalding, E R Taylor, E Thews, B Thomas, O Wedemey er, E A Wheaton, 
F Wust and co workers, etc , on the effect of manganese on cast iron, steel, etc , 
wde supra 

The polyhedral crystals of the femte m manganese steel are illustrated by 
Figs 470 and 471 ( x 100) Their outlines are not so rounded as m the case of the 
femte of, say, electrolytic iron The steel illustrated in Figs 472 and 473 contained 
10 per cent of manganese, and 1 15 per cent of carbon , that m Fig 470, was 




IRON 


651 


quenched from 1200°, and that in Fig 471, was Jowly cooled from that temp 
The ferrite of alloy steels contains the special constituents— c# manganese form- 
ing mangajwferrite — m soln , and m thn* respect is related to martensite The 
pohhedral form is best developed by cooling the steel from a high temp , and 
the changes which occur in the heat-treatment of the alio) steel are in some 
respects rather simpler than with ordinary steels Roth diagrams show the 
pohhedral crystals with cleavage cracks, and m the slowlv cooled sample, the 
carbide separations accumulate between the grains The steel illustrated m 
Fig 472 (X400) contains 20 43 per cent manganese, and 108 per cent of 
carbon , after forgmg, it was heated 45 mms at 1020°, slowlv cooled, and kept 
for 200 days at 200° The steel illustrated bv Fig 473 ( x 1200) contains 20 98 
per cent of manganese, and 1 2 per cent of carbon After forgmg, it was 
heated 45 mms at 1020°, and slowly cooled The remarkable twinning of 
the crystals is clearly shown According to C R Wohrman, the Widmanstatten 
structure and martensitic patterns with the iron-manganese allovs result from the 
breaking up of a solid phase into two The latter structure is finer, less well 
defined, and less regular than the former On thorough annealing there is formed 
an aggregate consisting of a femtic constituent, an mtermetallic compound rich 
m manganese An eutectoid of the two (6 per cent Mn) is also believed to exist, 
at first martensitic and then pearlitic H M Howe and A G Levy discussed 
the hypothesis that the deformation lines m manganese steel are slip bands, though 
it is possible they may be due to twinning T W Hogg found crvstals of titanium 
cyanomtnde in ferromanganese 

F Osmond observed that the curve representing the effect of manganese on 
the A 3 transformation of steel merges into the curve representing the martensite- 
pearlite transformation when 2 5 to 3 5 per cent of manganese is present The 
transformation with a steel having 4 per cent manganese lies between 200° and 
300° , with a steel having 5 per cent manganese, it is near 100 3 , and with one 
havmg 7 per cent manganese, it is below 0° Unlike ordinary steel, therefore, alloys 
with over 7 per cent of manganese, when heated above 700°, show no recalescence 
when cooled down to ordinary temp — mde supra, martensite R A Hadfield 
examined the heatmg and the cooling curves of a forged steel with 1 26 per cent 
carbon, and 13 38 per cent manganese, and of a cast steel with 1 16 per cent 
carbon, and 10 88 per cent manganese, and obtained no evidence of the existence 
of critical points when cooled down from or heated up to about 1300° There is 
not the slightest evidence of any internal change of structure during heating or 
coolmg The same results are obtained if the material is cooled slowly , or quickly 
by quenching in water This m spite of the fact that the physical properties are 
markedly influenced by the rate of coolmg Thus, by slowly cooling manganese 
steel, it remains brittle and non-magnetic, but by quick coolmg, the material 
becomes very ductile, and non-magnetic R A Hadfield continued 

Whereas with all ordinary as well as hardening or self hardening steels, the critical 
points are of considerable importance m guiding heat treatment, with m a n ga n ese steel, 
the h eating and cooling curves are apparently of no value in this respect, and do not give 
any clue to the extraordinary change of structure which goes on in this material when it is 
transferred from its original brittle state into that condition m which it possesses 
ductility unequalled by any other alloy of iron and steel 

R A Hadfield and B Hopkmson found that a steel containing 1 26 per cent 
of carbon, and 1338 per cent of manganese, becomes magneto when heated 
several hours at 500°, and it loses its magnetism rapidly at about 700° The heating 

curves show a heat absorption corresponding with this change The range 650° 
to 750°, thus corresponds with the critical range m which ordmarv carbon steel 
loses its magnetism The reverse transformation — non-magnetic to magnetic 
is so slow t hat it cannot be detected on the coolmg curve It is probable that as 
the temp tells the alloy has & tendency to assume its equilibrium state in which it 
becomes magnetic, but the change is too slow for the alloy to acquire a state of 
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stable eq uilibrium The effect of manganese is to retard the attainment of equilibrium, 
rather than to produce any marked shift of the position of the critical range 
R A Hadfield and B Hopkmson added that the attamment of equilibrium m 
manganese steel at temp beloTV the change point, is opposed not only by resistances 
of the nature of fluid \ iscosit} , which can be o\ ercome b} % ver\ small force if 
contmued long enough, but it is also opposed bv a resistance of the nature of solid 
friction, which requires a force of a definite amount to be exerted before motion 
takes place at all Thus, magnetic manganese steel at 650° ultimately attains 
a magnetism about twice as great as that reached by the non magnetic variety 
heated at the same temp Hence, the final condition at this temp is different 
according as it is approached, so to speak, from above or below , and, so far as 
it is possible to judge from observed facts, these two limiting conditions could 
never be brought into coincidence, however much the heatmg were prolonged 
E Gumlich observed that a steel with 12 4 per cent manganese began its magnetic 
transformation at —8°, and ended it at —109° If this steel be re heated, it 
loses its magnetism between 600° and 700° Hence, between 0° and 600°, the same 
steel can be either magnetic or non-magnetic Steels with 14 4 and 15 7 per cent 
of manganese did not become magnetic at the temp of liquid hydrogen 

L Guillet observed that with a steel containing 0 20 per cent of carbon, the 
pearlite structure obtains when the proportion of manganese is less than 5 per cent , 


7/V)0 the martensite-troostite structure, with alloys having 

5 to 12 per cent of manganese , and the polyhedral 
y iron structure, with alloys ha\ mg over 12 per cent 
manganese , whereas with a steel ha\mg 0 80 per 
cent carbon, the pearlitic structure occurs with alloys 
having less than 3 per cent manganese , the mar 
tensite troostite structure with alloys having between 
3 and 7 per cent manganese , and the polyhedral 
y iron structure with alloys having over 7 per cent 
manganese Free cementite occurs with alloys having 
over 165 per cent carbon This proportion of 
pearlite qj- carbon m ordinary carbon steels was considered by 

troostite j* Osmond to give the maximum proportion of 

* Marfgat^ S-0 3to ol auste “ te According to A M Portevm bj anneal 
percent Carbon mg, followed by very slow coolmg of steels containing 

7 per cent manganese, and 0 5 to 1 0 per cent 
carbon, it is possible to obtain lamellar pearlite with martensite With a steel 


0 2 4 S 8 10 l? 


containing 12 per cent manganese, and 1 per cent carbon, by very slow coolmg 
the co existence of lamellar pearlite and austenite, separated by a than border 
of troostite, can be obtained By ordinary annealing the whole becomes 
austenitic Using a steel containing 9 8 per cent manganese, and 0 66 per cent 
carbon, by slow cooling it was possible to find the complexes troostite-pearlite 
martensite-austenite, the martensite arising from a polymorphic transformation 
of the austenite P Dejean found that steels conta inin g 0 3 to 0 4 per cent of 
carbon, and 0 to 35 per cent of manganese are pearlitic, and give the point 
Axj , those with 3 5 to 11 per cent manganese are martensitic, and give the 
point Ar 2 , and those with intermediate proportions 3 5 to 4 0 per cent man- 
ganese, show both critical points, and consist of martensite and troostite As the 
proportion of carbon rises to 0 7 to 1 0 per cent , the intermediate zone becomes 
of importance, since, with equal proportions of manganese, the temp of the point 
Ar x rises, and that of Ar 2 falls, and finally, by suitable coolmg, it is possible to 
produce the point Ar x m steels for which the point Ar 2 is below 0°, and the steels 
are troostitic and martensitic, Fig 474 According to H Meyer, the presence; of 
manganese lowers the temp of Ar s at which ferrite separates, thus 


Mn 01 02 03 0*4 05 06 07 08 09 10 per cent 

Lowering A i* 5 10 15° 20° 26° 32° 38° 45^ 52 60° 
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H I Coe observed that the manganese arrests the carbon m lowering the 
primary freezing, so that with 13 per cent of manganese, the f p is 40" ] ower than 
with the corresponding iron carbon allov The effect of manganese on the critical 
temp is as follows 
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As pointed out by F W nst, the pearhtic change is thus materially affected b\ 
manganese, so that with 8 per cent of manganese it can scarceh be detected 
J 0 Arnold said that manganese does not form a true steel having 100 per cent 
pearlite F Wust and H Meissner observed tnat m the presence of 1 5 per cent 
of silicon, and 2 7 to 3 9 per cent of carbon, below 0 3 per cent of manganese 
favoured the separation of graphite, but with 0 3 to 2 5 per cent of mangare«e, 
no perceptible effect on the condition of the carbon was observed H I Coe 
observed that in the presence of silicon, the effect of manganese on tne pearhtic 
change m cast iron is more marked Thus, the addition of 4 45 per cent of 
manganese, m the absence of silicon, changed the pearhtic arrest from 700" + o 
about 600°, whereas m the presence of silicon, the arrest was lowered to 350 3 
Large proportions of manganese, even m the presence of silicon, keep the >elid 
soln of combined carbon more stable, and favour the production of hard, white 
cast iron A Merz, J A Jones, F Kjerrman, H S Rawdon and F Sillers, 
H Scott and J G Hoop, G Tammann, and J J A Jones discussed the 
Ac r range m manganese steels, R Austin, H M Bojlston, A Allison, 
W Eilender and H Diergarten, F M Walters and C Wells, M Hamasumi, 
Z Shibata, V N Krivobok and co-workers, P Schafmeister and R Zoja, 
H S Rawdon and F Sillers, H Sawamura, C R Wohrman, H Schenck, P Ober- 
hoffer and co-workers, T Swmden, F Giolitti E Killin g, A L FeJd, C H Herty 
and J M Games, K Hilgenstock, B M Larsen, H E Field, F W T Lurmann, 
T Naske and A Westermann, A K Silin, and J O Arnold and G B Waterhouse, 
the deoxidizing or desulphurizing action — vide tne action of oxv gen on iron 
L Goldmerstein tried manganese and other fluondes for removing phosphorus, 
sulphur, etc , as fluondes 

According to W S Potter, during the cooling of steels with 1 to 2 per cent of 
carbon and 10 to 20 per cent of manganese, y iron begins to freeze out at about 
1370°, and is for the most part frozen at about 1270° , the eutectic freezes at 1125* 
to 1080°— and at a rather higher temp with low-carbon and manganese mixtures 
The mechanical break-up of austenite occurs at about 850° to 825 s , carbides 
separate between the grains at 710° to 650" , the magnetism increases at 550 
to 525° with a further separation of carbide between the grains , and there is 
a further separation of carbide at 430° to 420 c In heating a steel, originally 
austenitic, there is a preliminary break up at 350°, a further break-up at 450 to 
470°, and a complete break-up at 575°, with the separation of magnetic carbides of 
iron or manganese at 475° to 575° In lolled steel, the separated carbides 
begin to be re dissolved at about 725°, and this is completed at 850 to 870 with 
the re-formation of austenite There is a slight re separation of carbides along 
the gr ain outlines as the m.p of the eutectic is approached, begi nning at about 
1025° and continuing to 1100° or over This is very marked with ingot metal , 
and, considering that the outlines of the original freezing structures persist m the 
cast steel at temp -below about 1125°, this explains the tenderness of ingots between 
1025° and 1125° In cast ingots, the melting of the eutectic occurs at about 1120 
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to 1140° if the heatmg is slow, and at about 1100° to 1130° if the heating be rapid 
The complete re solution of the constituents, and new gram formation with the 
production of austenite occurs above 1 150° , cementite separates extensively above 
1250° , and the mass melts at 1350° to 1375° or less, according to its composition 
B M Larsen showed that manganese tends to extend the temp range of stability 
of y-iion or austenite , manganese forms a carbide more stable than cementite , 
and manganese atoms cannot well diffuse through the iron space-lattice at ordinary 
annealing temp at which carbon atoms diffuse freely In steels containing more 
than 1 per cent of manganese, dendritic segregation causes a marked dendritic 
pattern m cast sections, and a fibrous pattern in rolled or forged bars The pro 
portion of manganese is higher in the dendritic fill in gs Heat-treatment up to 
1100° is ineffective, but an hour’s heatmg at 1300° causes the manganese to diffuse 
to a uniform concentration throughout As a cast bar with 1 to 3 per cent of man- 
ganese cools through the critical range, the Ar 3 -pomt is attained first by the lower 
manganese axes of the dendrites If the cooling rate is below 5° to 7° P per 
minute, the carbon tends to segregate in the high-manganese fillings between the 
dendrites With a total carbon-content of 0 3 per cent or less, a dendritic pattern 
is formed by the pearlite or sorbite areas m cast sections, and a marked banded 
structure m rolled or forged bars , the ferrite areas always correspond to the 
dendntic axes Phosphorus and arsenic tend to cause these same patterns, but as 
these elements raise the A^-pomt of pure iron, the ferrite areas formed correspond 
to the dendntic fillin gs Above the Ar 3 -pomt, the carbon atoms are probably 
uniformly distributed m the y-iron lattice With an increasing percentage of 
manganese, a manganese-cementite tends to form, perhaps containing an increasing 
proportion of mols of FesMnC Up to 2 per cent manganese, finer-grained pearlite 
and sorbitic areas are formed Above 2 per cent manganese, the carbides separate 
m a fine grained distributed structure that may be linked together through the 
manganese atoms scattered through the iron space-lattice The eutectoid point 
of pure iron carbon alloys containing about 0 9 per cent carbon appears to widen 
with an increase in the amount of manganese into a eutectoid range which, with 
3 per cent of manganese, extends from 0 6 to 0 92 per cent carbon This 
apparent eutectoid range is probably the result of a very small temp interval 
between the Ax 3 - and Ar r points m the given range of carbon-content H M Howe 
did not agree with T Mukai that manganese causes the retention of carbon in the 
non-hardened state, and he summarized the effect* of sudden cooling on manganese 
and carbon steels as follows 



Cabbon steel 

Manganese steel 

Effects 

Hardness 

Large increase 

Slight increase 

Alike 

Per cent total combined carbon 

Large increase 

Moderate increase 

Alike 

Specific gravity 

Decrease 

Nil or increase 

Opposite 

Size of gram 

Nil or decrease 

Increase 

Opposite 

Separation components 

Decrease 

Increase 

Opposite 

Ductility 

Large decrease 

Large increase 

Opposite 

Tensile strength 

Increase 

Increase 

Alike 


In 1878, E Mallard showed that the crystal form is dependent on the proportion 
of manganese, and that with 52 to 55 per cent the crystal form changes B Rathke 
showed that the crystal* rich m manganese are hexagonal, or pseudohexagonal, and 
those with smaller proportions are rhombic prisms F Wever observed that with 
manganese steels ranging from 19 08 per cent manganese and 0 30 per cent carbon, 
to 2 06 per cent manganese and 1 90 per cent carbon, the lattice parameter, a, of 
austenite varied from 3 597 to 3 643 A , the sp vol from 0 1262 to 0 1288 for 
high and low manganese respectively, and a=3 578+0 00050[Mn]+0 00645[C]> 
where the symbols represent atomic percentages V N Svetchmkoff , and T Mukai 
studied the microstructure of the manganese steels , M L V Gayler, the con- 
stitution , and for the observations of E Persson and E Oehman, and Z Nishi- 
yama on the X-radiograms of these alloys, vide manganese E C Bam, 
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M Gen^amer and co workers, J B Friauf and M Gen^aroer, ard V N Kmo- 
bok and 0 Wells discussed this subject W Schmidt s X radiograms of the 
iron-manganese allo> s showed that the a solid soln is present up to 20 per 
cent of manganese, when the lattice parameter, a , mcreases from 2 857 \ for iron 
alone, to 2 871 4. for iron with 201 per cent of manganese 411o\ - with 18 to 
60 per cent of manganese contain the y solid &oln , with a cu face centred lattice 
having a= 3 586 A for iron with 15 7 per cent of manganese to a— 3 bib A for iron 
with 55 85 per cent manganese Alloys with 60 to 98 per cent of manganese have 
the structure of j8 manganese, with a lattice parameter increasing from b 24 A for 
62 7 per cent of manganese, to 6 28 A for 87 25 per cent manganese allov s with 
more manganese ha\e the structure of a manganese In the allov » with 12 to 
29 per cent of manganese, there is an € phase ha\ mg a hexagor al, packed 
lattice, with a= 2 532 A to 2 543 A , and c=4 061 A to 4 082 A , according to the 
manganese content The way the lattice parameters change shows that no definite 
chemical individual, as a compound of iron and manganese, exists Smce the 
a-, y-, and e-phases can co exist m the same alloy, one of them must be metastable 
m the range 12 to 29 per cent of manganese No transition points were observed 
by thermal or dilatometric analysis For E Oehman's observations on the 
X radiograms, vide manganese H Perlrtz discussed the distance apart of the 
atoms Z Nishi}ama found the lattice parameter a 3 the sp gr , and the elastic 
modulus, E kgrms per sq cm , at 14 8° to 15 6°, to be 

Mn 0 05 10152 3 4 6 8 per cent 

a 2 866 2 863 2 865 2 864 2 867 2 873 2 871 2 S67 2 872 A 

Sp gr 7 8596 7 8555 7 8404 7 8416 7 8430 7 8402 7 8292 7 81t*3 7 8003 

Ex 10“ 8 2 151 2 128 2 138 2 125 2 128 2 122 2 108 2 072 2 044 


R A Hadfield found the sp gr of cast, 13 75 per cent manganese steel to be 
7 83, and when drawn into wire, 7 81-7 83 W Brown found for the sp gr , and 
sp vol 

C 0 20 0 24 0 41 0 36 0 15 1 20 0 26 1 54 per cent 

Mn 0 50 1 00 2 25 4 00 5 40 7 00 13 00 18 50 „ 

Sp gr 7 8456 7 8354 7 7983 7 8352 7 8411 7 0028 7 9970 7 9075 

Sp vol 0 12746 0 12762 0 12823 0 12763 0 12753 0 12654 0 12005 0 12*40 


so that with up to 2 per cent manganese, the sp vol increases 0 00026 c c for 
1 per cent manganese, and with 2 to 18 5 per cent manganese, the sp wol 


manganese 
805 


J O Arnold, H A Dickie, 


decreases 0 00015 c c per 1 per cent 
A Osawa, H Meissner, H Tomlin- 
son, and O Simmersbach discussed 
this subject C Benedicks and 
co-workers studied the sp vol 
E Gumlich found the sp gr gives 
an abrupt increase when 8 to 10 
per cent of manganese has been 
added, Fig 476, and that the sp 
gr , with p per cent manganese, up 
to 1 per cent , decreases m accord 
with 7 873-0 008p F Wever gave 
for the sp vol , v, of manganese steel, 

*=0 1246+0 0004[Mn]+0 0041[C], 
where the symbols represent atomic 
percentages The results of K Ta- 
mara are summarized m Fig 475 , 
and those of C Benedicks, m Fig 186 H I Coe found that the shrinkage curve 
of the mangamferous, white cast irons showed minima corresponding with the 
formation of carbides Fe$C , 8FegC MnjC , 2Fe$C Mn 3 C , and SFejC 2Mn$C , and 
with grey cast irons the increasing shrinkage with increasing proportions of man- 
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ganese is more uniform Some peculiarities observed by R A Hadfield in connection 
with the hardness of manganese steels have been indicated above R A Hadfield 
pointed out that the hardness vanes considerably m degree It is most intense m 
cast material containing 5 to 6 per cent of manganese, for no tool will face or touch 
this steel , a gradual decrease m hardness occurs as manganese is added, so that 
when the proportion has attained 10 per cent , the softest condition is reached , an 
increase m hardness again occurs as the proportion of manganese rises to 22 per 
cent , when the hardness is not so great as it was with 5 per cent By heating at 
831° a specimen with 1 17 per cent carbon, and 12 46 manganese for 10 days, the 
steel became magnetic, and its BrmelTs hardness decreased from 532 to 241 
H I Coe found variable results with the bderoscopie hardness of mangamferous, 
white cast irons The hardness rises from 57 to 80 as the proportion of manganese 
rises to about 6 per cent , there is then a fall to a mi ni m um 52 with about 11 per 




1 25000 



8 TZ £ 5000 ^ 

Per cent Mn 

Fig 476 — The Specific Gravity 
of Manganese Steel 



Fig 477 — Bnnell s Hardness of Man 
ganese Steel 


cent of manganese, a rise to a maximum of 66 with 16 per cent manganese , a fall 
to 60 with about 18 per cent of manganese, and a very gradual rise from 70 as the 
proportion of manganese exceeds 22 per cent With grey cast irons, there is a 
mftnmnm of 40 with 1 5 per cent manganese, a fall to 52 with 2 7 per cent man 
ganese, a sudden rise to 52 with 4 per cent manganese, and a slower rise with 
higher proportions of manganese M Hamasumi, and K Tamguchi studied 
BrmelTs hardness of these alloys The results of L Guillet are summarized in 
Fig 477 The hardness of pearktic tungsten steel is approximately the same as 
that of the corresponding carbon steels , the martensitic steel shows the maxi 
mnm hardness, and the steel with the polyhedral structure is softest T Mura 
kami and K Hatsuta, T Ease, H A Dickie, H O’Neill, A Osawa, and 
A Wahlberg also measured the hardness of the manganese steels R A Hadfield 
found for low carbon, manganese steels, the values for Bnnell’s hardness 

Mn 1 10 313 4 10 5 50 10 50 12 90 15 90 19 85 percent 

Hardness 143 430 418 418 444 302 192 235 

The value for iron alone is about 90 , and for the hardest steel known, 800, or perhaps 
a little higher With high-carbon, manganese steels 

Mn 1 16 310 4 98 10 07 15 11 19 59 per cent 

Hardness 650 600 286 179 19b 192 

W Giesen said that pearlitic steels with 0 to 7 per cent of manganese and 
0 to 5 per cent of carbon, or 0 to 5 per cent of manganese and 0 95 per cent of 
carbon, differ very kttle from ordinary steels with the same carbon-content, in 
respect to tensile strength, ductikty, yield-point, elongation, hardness, and brittle- 
ness Martensitic and troostitic steels with 7 to 15 per cent of manganese and 
03 per cent of carbon, or 5 to 9 per cent of manganese and 0 95 per cent of carbon* 
have a high limit of about 165,000 lbs per sq m for the stretching and breaking 
strains , the ductility and brittleness are very low, and the hardness is extremely 
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high Generally, a manganese steel consisting of martensite, exhibits a great 
brittleness and high tensile strength , and if the structure is poh hedr d the hard- 
ness is very great Steels with the y iron structure having 7 to 18 per cent of 
manganese and 0 3 per cent of carbon, or 5 to 11 per cent o* manganese md 0 95 
per cent of carbon, have a high ductility , low elastic limit, low brittleness, and 
medium breaking strength A steel with 5 5 to 11 per cent manganese is more 
brittle and harder than one m which the manganese-content is h'gher or lower 
It is rare to find that the hardness and brittleness of steel* high m manganese are 
diminished, instead of increased, bv quenching, but this dops occur w ith a man 
ganese steel low m carbon when the manganese reaches 19 5 per c* nt and with 
7 5 per cent manganese m high carbon steels F Rohm studied t**e acoustic 
properties of manganese steels The martensitic steels show a f ill m resonance 
up to 300°, when the metal is aphonic 

Observations on the mechanical properties of manganese steel t* ere made b\ H Xrabtrg 
P Bardenheuer and G Schitzkow&k\ C F Burgess and J Aston L iairpredan 
A Capron C L Clark and A E White H I Coe \ L Colb\ \ Desh&vrfc H \ Ditku* 
V Ehmcke F L Garrison H Gu^dras L Guiilett P V Hadfield J H Hall J H Hall 
and G R Hanks J J Hall G 1 Hawkins and co workers J H Hruska t R Johns*. n 
J \ Jones W Kahlbaum and L Jordan "W J Keep \ N Kmobok G Lang 
\ Ledebur E Leuenberger E Lievenie H C Loudenbuk P Marsich R P Ne\ ilV 

and J R Cam A M Portevm, W S Potter 1 Rapatz and H Pollack, H \\ Roberts 

A D Ross R Scherer M Schneider and E Houdremont A behuke H J Schuth 

H Souther J F Springer A Stadeler B Stoughton and W F Hart' \ J fctrau as, 

\ N Svetchnikoff, E E Thum H Tomlinson T 1) West M H \\ i< khorst and F Must 
and H Meissner 
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H I Coe observed that the addition of the first 5 per cent of maugme^e to 
white cast iron produces no appreciable change m bnttlene^ but increase** ap 
to 13 per cent make the metal more brittle 
With higher proportions of manganese, the 
metal becomes stronger, and with 19 per 
cent , there is an increase m toughness 
With 30 per cent and over, the metal par 
takes of the nature of spiegeleLsen and be 
comes weak and brittle Z Nishi^amas 
observations on the elastic modulus are m 
dicated above R A Hadfield observed 
that the cast manganese steel is so brittle 
that it does not seem to be a steel at all 
This cold short material, however, is ductile 
when hot, and can then he drawn mto anv 
desired size The brittleness is intensified 
by the peculiar crystallization of the cast samples When forged, there n> a 
marked increase in strength, but the steel is still brittle The gram of the forged 
steel is coarse and open If re-heated and cooled quieki} m air a ime c'ose 
gram is produced, and this is the state of the metal which is made mto boring 
cutters, and other tools The tensile strengths, in kgrms per sq mm , and the 
percentage elongations of forged steel and of steel heated to a high temp and cooled 
in air, oil, or water, are indicated m Table LXXXIII J 0 Arnold and 
F K Knowles obtained the results indicated in Table LXNXI\ , and thev consider 
that they prove that, although the influence of carbon is considerable, the dominating 
factor is the presence of manga nese M Hamasumi measured the tensile strength 
of the alloys , and C L Clark and A E White, the effect of temp on the tensile 
strength A M Portevm fonnd that when the percentage of manganese increases 
from 0 5 to 5 per cent , the resistance to shear and the elastic limit increase until the 
former is 61 kgrms and the latter 46 kgrms , but the contraction on shearing 
diminishes slightly Steels with over 5 per cent manganese show a nearh constant 
resistance to shear of nearly 50 kgrms , the elastic limit remains low, between 10 
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and 20 kgrms , and the contraction on shearing has high values ranging from 20 
to 30 The first class of steels are pearlitic and troostitic, and the second class 
have y-iron So long as the steels are simply pearlitic, the resistance to shear and 
elastic limit are small, but they attain comparatively high values with 5 per cent 
manganese T Matsushita’s results for the elastic modulus and rigidity of man 
ganese steel, in dynes per sq cm , are summarized m Fig 478 R A Hadfield 
examined the effect of reducing the temp to —182° on the mechanical properties of 
manganese steel With 0 08 C and 3 50 Mn, the tenacity is increased and all 
ductility is lost The metal does not appear to be modified when the temp returns 
to normal Steels with 0 41 C and 2 23 Mn, and 1 66 C and 11 53 Mn all behaved 

Table LXXXIII — Effect of Heat treatment on Tensile Strength and 
Elongation of Manganese Steel 


i 


Percentage composition 

! 

Tensile strength J 

Elongation 




! Quenched m 


Quenched m 


Si Mn 

Forged 











i 




Air 

Oil 

Water 

4ir 

Oil Water 

0 47 

0 44 7 22 

42 5 

42 5 

39 4 

39 4 

2 5 

3 2 

0 85 

0 28 10 60 

53 6 

645 

66 2 

63 0 

4 17 

19 17 

1 10 

0 16 12 60 

61 4 

58 3 

78 8 

86 7 

2 11 

28 27 

0 85 

0 28 14 01 

56 7 

75 6 

86 6 

105 5 

2 14 

27 44 


Table LXXXIV — The Mechanical Properties of Manganese Steel 


Percentage composition 

C | Mn 

Elastic limit 
(tons per sq In ) 

Maximum stress 
(tons per sq in ) 

Elongation 
(per cent ) 

Reduction of 
area 

(per cent ) 

Alternating 
impact tests 
(alternations 
endured) 


1 10 

19 04 

24 48 

43 5 

79 5 

350 


. 3 13 

34 56 

41 42 

25 0 

63 2 

180 


4 10 

20 56 

53 48 

25 5 

42 4 

22t> 

Below 

5 50 

38 68 

65 96 

28 5 

38 1 

207 

0 1 

10 50 

30 80 

57 88 

1 0 

0 

6 


| 12 90 

19 80 

56 12 

65 

46 , 

44 


! 15 70 

37 80 

63 72 

17 5 

20 6 | 

290 


19 85 

— 

— 

300 

33 5 

212 

r 

1 16 

25 75 

52 76 

10 5 

11 7 

161 


| 3 10 

39 48 

59 64 

50 

52 | 

89 

A Oft J 

, 4 98 

33 96 

54 64 

20 

20 1 

28 


10 07 

30 12 

42 22 

10 

14 1 

8 


15 11 

28 00 

49 88 

95 

97 . 

241 

l 

19 59 

24 68 

52 16 

23 5 

19 5 

249 


normally A steel with 1 23 0 and 12 6 Mn had a slightly raised tensile strength 
and suffered a 2 5 per cent decrease in elongation The cooling to —182° thus 
embrittles or de toughens the material When the steel is cooled to —182° and 
allowed to return to normal temp , the de-toughenmg is merely temporary, for the 
steel exhibits an, increase m toughness When quenched in liquid air from 620° 
to — 182°, the steel is toughened as if it had been cooled to ordinary temp , showing 
that the toughening occurs in the fall of the first 150°-250° In no case did the 
steels at — 182° show any change m magnetic properties F Robm found that the 
resistance of mang anese steels to crushing resembles that of nickel steels (q v ) with 
the corresponding structure ForC L dark and A E White’s observations on the 
proportional limit, vide Fig 481, nickel-chromium steels 

A Schulze studied the coeff of thermal expansion of the iron-manganese alloys 
between 20° and 100° T Matsushita’s results for the coeff of thermal expansion 
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are *hown in Fig 479 The continuous lines refer to pearhtic or martensitic steel*, 
and the dotted lines to austenitic martensitic steel* The hv stereo * loop a* the 
critical temp widens ps the proportion of manganese mcrea* A * JAN F r iend 
and R H Tallance gave 00 4 183 for the coeff of exclusion of manganese steel 
between 10° and 100° Observations were mad* ov A M Portevin and 
P Chevenard, and M Gensamer and co worker* \ Schulze gave 003 for the 
coeff of thermal conduehvitv W S Potter founa the *p ht of manganese «+ecls 
to range from 0 15 at ordinary temp to 0 20 at 1 200 W Brow n gav e 


c 0 20 

0 24 0 41 0 3b 

0 15 

1*0 0 26 

1 54 per rent 

Mn 0 50 

1 00 2 25 4 00 

5 40 

7 00 13*H» 

18 5*1 


Sp ht 0 9258 

0 8987 0 9007 0 9128 0 9180 

0 r <35" 0 tr% 0 9884 

*o that the sp 

ht first decreases up to 1 per cep* n^rgan^se andtl^en increases 

00006 per 1 per cent of manganese up to IS per tent \ Euckeu **rd H Werth 

measured the sp ht of manganese iron allov*, ana tne values for tne at n+s under 

constant press 

and constant vol > and for Debve i 

? constant s— the x of 1 

13 15— 

are as follow 








T°K 

15 65° 

18 37° 

46 93° 

88 65 115 80 

173 13* 

20j 46® 

50 per 

\f\ V 

0 05628 

0 07510 

0 8590 

2 890 3 895 

5144 

5645 

cent Mn 

IC r » 

0 05628 

0 07510 

0 8587 

2 a8 i 3 878 

5 101 

5583 


b 

316 

338 

369 

3tb 356 

310 

235 


[T°K 

15 32° 

17 66° 

42 45° 

83 CO 114 50= 

186 94 


30 per 

1 c p 

0 05008 

0 05863 

0 <>885 

2 634 3 756 

5 438 

6 *30 

cent Mn 

o. 

0 05008 

0 05863 

0 5884 

2 529 3 741 

5 386 

5 761 


b 

322 

352 

386 

378 368 

267 

177 


[T°K 

19 95° 

22 00° 

40 55° 

83 9m’ i!8 63 s 

176 25° 

205*0= 

19 4 per j 

c„ 

0 0780 

0 1157 

0 5506 

2bl3 4190 

5 532 

6 048 

cent Mn , 

\Cv 

0 0780 

0 1157 

0 5505 

2 807 3 562 

>461 

5 377 

, 

l© 

361 

350 

378 

3l>3 354 

229 

— 


F Wust and co workers represented the mean sp ht between G" and <T up to 1070% 
by 0 12037+0 0*25410, between 1 130° and 1210 r ,bv 017700-7 410-* , and between 



Fig 479 — Thermal Expansion of 
Manganese Steels 



Fig 480 — Thermal and Electrical 
Conductivitiee of Manganese Stee 1 


1230° and 1250°, by 0 19800-3 8th 1 , where the true sp ht between 0° and 1070* 
ib 0*12037+0 0 4 5082# H KImkhardt studied the bp h* of manganese steels 
Manganese suffers an allotropic change between 1070° and 1 130° which has a thermal 
value of 24 14 Cals R A Hadfield showed that the thermal conductivity of 
mangimftflA steel ib less than that of ordinary steel , A Schulze gave for a 10 
per cent manganese steel, A=0*03 , and W S Potter found the thermal conductivity 
up to 600° is about one-third of that of ordinary steel T Matsushita s results for 
the thermal conductivity, megs units, and electrical conductivity, m mhos, 
of manganese steel are summarized m Fig 480 
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J T Littleton found the reflecting power R, the coeff of extinction, k, and the 
index of refraction, /x, for light of wave-length 5893, and an alloy with 50, 75, and 
100 per cent manganese, to be respectively, J?=61 0, 62 5, and 64 0 , k = 3 70, 3 77, 
and 3 88 , and /x=2 42, 2 43, and 2 41 S Shimnra and K Wada studied the 
spectral analysis of the alloys , and H Pmcass, the spectra of the Fe-Mn catalyst 
W F Barrett, and J H Partridge found that the electrical resistance of steel is 
increased bv the introduction of manganese, so that manganese steel can be used 
for making resistance coils , and E Hopkmson observed that a steel with 13 95 
per cent manganese had a resistance eight times as great as that of iron 
\V F Barrett said that the increased resistance with rise of temp is 0 136 per cent 
per degree, while with iron, the increase is 0 5 per cent W S Potter said that the 
resistance of manganese steel is roughly 3 4 times that of Bessemer steel According 
to H le Chatelier, the resistance of steel increases 5 microhms for each per cent of 
manganese , and the resistance of magnetic steel with a high proportion of man 
ganese is much less than the same steel m the non-magnetic state Observations 
were made bv T Matsushita, H A Dickie, and H Tomlinson O Boudouard saw 
that the proportion of carbon does not affect the resistance of manganese steel, 
and that the resistance, R microhms per cm cube, attains a maximum with 12 to 
13 per cent of manganese , thub 

Mn 0 43 2 15 0 14 10 51 12 92 14 40 per cent 

Ii 15 5 25 4 59 8 73 1 75 8 72 5 

K Tamaru found that the electrical resistance of rods slowly cooled from 1050° 
increase at first linearly with increasing proportions of manganese, Fig 481 , the 



Fig 481 — Electrical Resistance of 
Manganese Steels 


Fig 482 — Electrical Resistance Curve 
of Manganese Steels 


increase is rapid between 3 and 5 per cent Mn, and then agam linearly with the 
mcrease of manganese This rapid increase is caused by the increas ing content of 
austenite intermingled with femte The linear mcrease of resistance above 
5 per cent of manganese-content shows that the resistance of austenitic steel 
increases linearly with the content of manganese , hence, when this linear portion 
of the curve is extrapolated to manganese-content zero, the corresponding ordinate 
gives the electrical resistance of austenitic carbon steel containing 0 5 per cent of 
carbon at room temp , its sp resistance being 32 7 x 10~^ ohm The linear portion 
below 3 per cent of manganese shows the electrical resistance of pearlitic steel 
it intersects with the ordinate at a point 20 x 10~^ ohm when extrapolated to man- 
ganese zero, this 'value being sp resistance of pearlitic steel containing 0 5 per cent 
of carbon, and in good agreement with the result found by H Masumoto 
E Gumlich represented the resistance of alloys with p per cent manganese — up to 
9 per cent Mn — by i2==0 l+0*05p , and with over 10 per cent of manganese, 
by R—0 506 X 0*007 (p — 10) There is a break m the resistance curve, R microhms 
per cm cube , and also in the curve showing the percentage decrease in the temp 
coeff of the resistance of manganese steel slowly cooled from 800° T Matsushita’s 
results for the electrical conductivity, in ohms, of manganese steels are shown in 
Fig 482 H le Chatelier gave 5 0 microhms per cm cube for the increase in the 
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resistance of magnetic, and 3 5 microhms for non magnetic «teel- b\ the addition 
of 1 per cent of manganese , W F Barrett, and E Gumlich and P Goerens gave 
5 0 , G Lang, and T Matsushita, 5 5 H Tomlinson found that the electrical 
resistance is decreased In annealing hard drawn wire** and that the resistance i* 
increased by a longitudinal pull, and bv longitudinal magnetization 

G Tammann and E Vaders found the emf of the fell Fe 01 \ Mnll^ 
Mn„Fe(ioo-«), where n represents the percentage by weight 

n 19 53 29 37 36 58 58 94 69 24 78 89 lOOpcritzit 

T * immediately 0 035 0 290 0 260 0 2**8 0 475 0 465 (> >20 volt 

1 Rafter 40 hrs 0 005 0 080 0 050 0 120 0 160 0 130 0 300 , 


4 N Campbell discussed the anodic behaviour of 77 9 per cent ferromangane^ 
m M soln of manganese sulphate, nitrate and chloride, and m ferrous sulphate 
Passivity was absent m soln of ferrous chloride with a slight excels of acid At 
ordinary temp , passiv lty was found to occur m all the soln but it we s not complete , 
it was specially marked with manganese sulphate soln The poten+nl of the v i^ible 
oxygen discharge from a neutral electrolyte at the ordmarv temp is about -*-2 15 
volts (abs ) This is near the potential required for the form vt 1 on of permanganate 
m an electrolyte of manganese sulphate The passiv itv is destroved at 25~, and 
also bv activating the anode by charging it with hydrogen or bv etching it with 
sulphuric acid The passivity is reduced bv a superposed alternating current 
In i^-potassium hydroxide electrolyte at 15° and 75° there is n r > formation of 
manganate, and nothing enters into soln , but heavy *4iraes are formed In other 
cases, both components entered into soln , the efficiency is often les* than 100 
per cent , possibly owing to soln being followed b\ immediate precipitation 
Under a gas discharge the anode disintegrates, and ferromanganese is thus usele^ 
as an insoluble anode C Wells and J C Warner, and M de K Thomson and 
R B Morrissey studied the potential of ferromanganese 

E Sedstrom, and J Galibourg studied the thermoelectric properties of the 
alloys E L Dupuy and A M Portevm found that the thermoelectric force 
against copper, in millivolts, with steels having 0 84 to 0 % }>er cent of carbon, 
is as follows 


Mn 
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Hardened 



040 
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12 09 p»r cem 

— 80° 

— 0 30 
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— 
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-2 00 
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— 
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As indicated above, S Rmman, and D Mushet noticed that manganese 
diminishes or destroys the magnetic properties of steel even when there is eight or 
nine times as much iron as manganese present R A Hadfield added that the 
material behaves m the same manner m its forged or cast state, and water or oil 
quenchmg makes practically no difference J Hopkmson observed that the small 
quantity of manganese present enters into what must be regirded, for magnetic 
purposes, as the molecule of iron, and completely changes its properties Twelve 
per cent of manganese annihilates the magnetic properties of iron J A Ewing 
and W Low said that even under the magnetic forces amounting to 10 000 igs 
units, the resistance which 13 95 per cent manganese steel offers to magnetization 
suffers no break-down m anv wav comparable to that which occurs with wrought 
iron cast iron, or ordinary steel, at a \ erv early stage m the process of magnet 17 ition 
On the contrary, the permeability is approximately constant under large uid sm dl 
forces, and may be therefore concluded as being only fractionally greater than th it 
of copper, brass, or air As indicated above, R A Hadfield noted that tue 
magnetization disappears at 700° , and when the non magnetic steel is he ited 
several hours at 500°, it becomes magnetic W F Barrett found that when the 
magnetization of ordinary iron is represented by 100,000, that of manganese steel 
is 20, and its susceptibility or induced magnetization is about as low as that of 
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zinc or other non-magnetic metals Observations were made by H A Dickie 
L T 0 Shea, H Tomlinson, R A Hadfield and co-workers, W F Barrett* 
A Abt, A D Ross, J J Porter, E Griffiths, etc S Hilpert and W MatheMus* 
T Matsushita, J H Partridge, F Goltze, H F Parshall, P Kapitza, E Gerclc^ 
and C F Burgess and J Aston gave for the magnetic induction of alloys 
of manganese and iron the results indicated in Table LXXXV The annealed 
alloys show a marked decrease m permeability with increasing proportions of 
manganese Annealing at 675° improves the permeability, but a second anneal 
mg at 1000° lessens it Quenching restores the 4 51 per cent alloy to its best 
condition obtained by a first annealing at 675° The values for coercive force 
and retentivity, Table LXXXVI, follow closely the fluctuations m the permeability 

Table LXXXV — Magnetization op Ibon Manganese Allots 
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Table LXXXVI — The Coercive Force and 

Alloys 
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W Mathesms investigated and measured the magnetization, the coercive force, and 
the saturation of manganese steels with 0 45 to 20 8 per cent of manganese, and 0 21 
to 2 18 per cent of carbon, after they had been subjected to different heat-treat- 
ments The results are summarized in Table LXXXVII E Gumlich represented 
his observations on manganese steels with 0 23 per cent carbon, and quenched from 
800°, by Fig 47b , the discontinuity in the curve corresponds with that obtained 
for the sp gr , and for the sp resistance. Fig 482 The magnetic state was obtained 
by < ooling the specimens to — 193°, and the non-magnetic state by cooling or 
quern lung from Ac^ The sp gr of the non-magnetic steel is much greater than 
that of the magnetic , and the sp resistance of the non-magnetic steel is less than 
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that of the magnetic R A Hadfield and co workers found the magnetic suscepti- 
biht\ increases os the proportion of carbon d'lmnshes (manganese constant) , 
and v, ith carbon constant, the effect of manganese is small The ma ft s susceptibility 
increases as the [CJ Mn] ratio decreases The ma*s suseeptibilitv of manganese 
steels ranges from 17xlCM to 259 X 10~ 6 , «o that the allo\s are paramagnetic 
With the L Cl/n£n| ratio constant, 2 57 to 19 per cent of nickel raises the suscepti 
bilit\ m the ratio 23 67 0 74 per cent of nmgsten raises the su«ceptibmt\ m the 

Table LXXXYH — Saturation \ alues for 4ttI 



3 hrs at 700° and 
quenched m salt 
•water at 20° 


3 hrs at 900° and 
quenched m salt 
water at 20° 



ratio 18 29 , 35 per cent of chromium raises the susceptibility 10 per cent , 
2 5 per cent of copper raises the susceptibility of a manganese nickel steel 19 per 
cent , and the addition of silicon to a manganese steel makes the steel more ferro- 
magnetic No relation between the sp gr and mass susceptibility or composition 

was observed , . « 

R A Hadfield studied the temp of the critical magnetic change m the allots 
With over 16 per cent manganese the allo>s have no magnetic trai^formanon, 
but with the magnetic alloys there is a transformation at 767 to 776“ on cooLng, 
and 765° to 780° on heating H K Chines and co workers studied the magnetic 
properties of these steels at a low temp E Gumlich assumes that +here are two 
aUotropic states involved He found that non magnetic, high per cent manganese 
steel becomes magnetic with a martensitic structure when dipped in qui air 
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E Gumlich obtained the h> steresis loop shown m Fig 483 for steel with 12 4 per 
cent manganese, and 0 23 pet cent carbon The magnetization of the steel cooled 
to —78° is comparable with that of a feeblv magnetic steel , and the improvement 

observed m heating the steel for 24 hrs at 800° in 
vacuo is attributed to the surface oxidation by 
traces of residual air m the vessel 

G Mars, discussing the low magnetic properties 
of the manganese steels, said that the magnetism 
depends not so much on the Lind of molecule 
present as on the structure of the molecule, % e 
not on the chemical nature of the body, but on 
the space left free between the molecules, or on 
the form of this space This mtermoleeular space, 
which is assumed to be filled with aether, and 
which acts as the magnetic medium, is, m the 
case of iron, cobalt, and nickel, of such a nature that it causes a mechanical 
disturbance of the metal mols , the effect of which is to produce magnetic 
attraction or repulsion This mtermoleeular space of a magnetic metal is 
changed when the metal is alloyed with another magnetic or non magnetic 
metal Thus, e\en when two magnetic metals, like iron and mckel, are melted 
together, the result may be non-magnetic metal , whereas two non-magnetic 
metals, like manganese and aluminium, may give a strongly magnetic alloy — 
eg the Heustler alloys Consequently, the magnetism of one and the same 
magnetic metal rna) be reduced by heating it to a certain temp , because the 
mols are thus driven farther apart, and the cohesion between them is reduced , 
again, any treatment which disturbs the arrangement m space of the mols of a 
magnetic metal — e g cold working — may alter considerably the magnetism of the 
metal A Schulze measured the magnetostriction of allo> s Observations were 
also made on the effect of the magnetic intensity and concentration on the 
magnetostriction of iron manganese alloys 

R Dubois observed that a ferromanganese, with about 80 per cent of manganese, 
disintegrated on exposure to air G Tammann and E Vaders, and A N Campbell 
studied the passivity of these alloys B H Thwaite found that steels with 0 684 
and 12 55 per cent manganese, and respectively 016 and 0 067 per cent of carbon, 
were attacked by dil nitric acid (1 9), so that the former lost 0 1475 and the latter 
0 1735 grm per sq cm when exposed for the same time The increase m corrodi- 
bility of steel when manganese is present was also noted by P Berthier, C W von 
Siemens, T Turner, E Heyn and O Bauer, G J Snelus, C F Burgess and J Aston, 
C H Desch and S Whyte, L Aitchison, R Fmkener, and A S Cushman 
R A Hadfield and JAN Friend found that m the absence of sulphur, manganese 
is not a particularly objectionable element m steel L B Pfeil observed that a 
three layer scale — tide supra — is formed when manganese steel is heated to 1000° 
for a few hours m air With a 0 71 and a 3 per cent manganese steel, the manganese 
m the innermost laver wa£ about two thirds of that present in the original steel, 
whilst in the middle and outer layers a little more manganese was present than was 
contamed m the original steel Usually, with other alloy steels, more foreign 
element is contamed m the innermost layer than in the middle layer E Heyn 
and O Bauer noted that with cast iron containing 3 5 C, 2 5 Si, and 0 07 P and S, 
and exposed to tap water, the relative corrodibilities were 

Mn 0 46 0 70 0 99 1 90 2 83 3 08 per cent 

Corrosion 100 92 100 94 96 89 

C F Burgess and J Aston found that the corrosion of manganese-iron alloys in 
grams per sq dm , on exposure for an hour to 20 per cent sulphuric acid, and the 
corrosion m kgrms per sq metre per year, on exposure to the weather for 162 days 
from July to February, were 
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Mn 0 305 1WJ0 2 000 3 OOfi ltt41» 

Acid 0 500 0 520 0 72j I 110 0 352 

Air 0 268 0 390 0 )02 0 327 0 4)5 

Y Utida and M Saito measured the lov* ir weight, in gran * per »q im , '"hen 
manganese steels with about 0 05 per cent of carbon are ’mme'-ed for 24 hr* m 
10 per cent acid 

0 0 93 4 30 b 41 13 75 10 55 jier cent 

0 9380 0 5090 0 0404 0 7720 O 8203 0 "570 

0 0712 0 2191 0 5013 0 3320 OH93o « b370 

0 0990 0 1854 0 3035 0 o'J99 2 3830 3 0120 
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ro»o 3 

HC1 
H.S0 4 


W Guertler and T Liepus, J Aston, E Maurer O Bauer, R Dubo"- 0 M Storev, 

" ■ ” " ” f TX....T. — jj q Haase, 


E A and L T Richardson, R A Hadfield, 
V V Kendall and E S Ta\lerson, and C H Charles 
studied the corrodibility of the iron maneane-e 
alloy s S Satoh studied the nitndization of these 
steels bj heating them in ammonia at 560° to 580° 
H Endo s results. Fig 484, represent the loss, m 
grams per sq cm , during 5 hrs ’ action, at ordinary 
temp on allows with 0 47 to 052 per cent of 
carbon, and the proportions of manganese indicated 
R A Hadfield and JAN Friend found with steels 
containing 0 10 to 0 9 per cent of manganese, a 
slight increased resistance to corrosion bv tap-water, 
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Manganese Steels bv ds 

and wet and drv te^ts occur with carbon up to about 0 5 per cent From this 
point upwards, the manganese affords, generally a slight projection which is 
decided m the wet and dry tests, but is not invariable with ^ea-wate^ The 
manganese raises the corrodibility bv sulphuric acid , and B A and L T Richard- 
son observed that manganese enhances the effect of copper m iron m re^i^mg the 
attack of the allov by corrosrve influences K Hilgenstock studied the action of 
hvdrogen sulphide and of sulphur dioxide on red hot ferromanganese K Schench 
and A Kortengraber studied the dissociation press of allov v m nitrogen 
JAN Friend noted the effect of manganese m masking the increased cor 
rodibilit} caused bv the addition of carbon to steels C H Desch and S Whyte 
observed no definite influence m the corrosion of manganese steels m 5 per cent 
sodium chloride The manganese was preferentially dissolved L \itchison found 
that the losses of weight m grams per 100 sq cm are 

0 28 
094 
1 82 
8 16 
80S 
0 900 

R A Hadfield and J A N Friend also measured the effect with tap water, 
L Aitchison, C Chappell, and R A Hadfield and J A N Fnend, 

R A Hadfield and J A N Fnend, the efiect when alternate^ wet and dr\ . and 
m 0 5 per cent sulphuric acid C Chappell also observed the efiect of dil sulphuric 
add R A Hadfield and J A N Fnend thus summarized their observations 

m The addition of from 0 03 to 1 63 per cent of carbon to iron eontauung less than 0 2 
percent of manganese results m (a) a steadilv increasing MoOSMrwm 
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0 4 to 0 5 per cent From this point upwards, the manganese m general, affords a slight 
protection which is very decided in the wet and dry tests, but is not invariable m the sea- 
water tests (6) An enormously increased corrosion m dil sulphuric acid This is im 
portant, since m commercial steels the manganese frequently ranges from 0 2 to 0 7 per 
cent , and the latter are therefore unsuitcd to acidic corroding media A point of maximum 
corrosion occurs with a smaller per cent of carbon than m steels with less manganese 
(3) By increasing the proportion of manganese to 2 per cent upwards (a) the corrodibility 
of the steel m neutral soln is greatly increased, particularly when the carbon content 
exceeds 0 5 per cent (6) The corrodibility m dil sulphuric acid is greatly augmented 


N Parravano 29 studied the ternary iron-manganese-copper alloys, and his 
results are summarized m Eig 485 The gap in the binary copper-iron system is 

reduced by the addition of manganese, 
so that with 50 per cent manganese, the 
solid solubility is complete The con- 
tinuous lines are liquidus curves, the 
dotted lrnes, solidus curves F Oster 
maim examined the manganese-copper 
steels, with 0 1 to 1 0 per cent of carbon 
The iron and copper are miscible m all 
proportions when 20° above the liquidus 
line When carbon is added a two layer 
system is formed m which most of the 
carbon collects in the layer rich m iron , 
on introducing manganese, the two layer 
system is changed back to a single layer 
phase E L Nichols studied the elec- 
trical resistance of the iron-manganese 
copper allots A number of these alloys 
had the remarkable property of decreasing m resistance each time that they were 
subjected to a change of temp , an alloy containing 80 82 per cent of copper 
and 19 12 per cent of ferromanganese, when heated and cooled from 100° to 20°, 
diminished in resistance with each operation, the diminution being still per 
ceptible at the end of the seventh cycle On being then raised to a red-heat and 
allowed to cool, a still more marked diminution in the resistance of the above 
alloy was found to have taken place The temp coeff of this alloy was positive, 
and continued to mcrease as the heating and cooling process was repeated With 
an alloy consisting of 70 65 parts of copper and 29 35 parts of ferromanganese, a 
similar behaviour was observed After being brought into a condition of stability 
such that further heatmg and cooling through a range of 80° had but little permanent 
effect upon its conductivity, it still showed, when hard-drawn, an appreciable 
negative temp coeff It was then annealed three times at red-heat, the sp resistance 
and temp coeff being determined for the range of 20° to 100° after each annealing 
The results were as follow 
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A number of similar alloys showed, when hard-rolled, a temp coeff ver> near to 
zero, sometimes positive, sometimes negative After annealing at 300° to 400°, 
a well-defined negative coeff was produced It was found that the positive coeff 
produced by annealing could be reduced again by rolling the alloy With 10 per 
cent of ferromanganese, the change of resistance is less than 1 per cent for 100° 
Alloys containing from 15 to 20 per cent of ferromanganese have exceedingly 
small temp coeff , the coeff at 18 per cent being practically zero The coeff may 
be made to undergo a considerable alteration by varying the temper of the metel 
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The marked influence of temper upon the conductivity of these alloys renders it 
difficult to determine the precise law of the change in sp resistance with the com- 
position It would, however, appear from the results that the re*M mce increase 51 
nearl\ m direct proportion to the percentage of ferromanganese 

S W Hogg prepared some alloys, urd observed 

that the alloy from 5 56 lbs aluminium, and 50 lb* of 82 per cent ferromanganese, 
after standing twelve months, is completely disintegrated 6 Craig suggested 
that the disintegration is due to oxidation The alloy was magret’c Both 
manganese and aluminium reduce or destroy the magnetic property of iron, but 
raise the magnetic property when both are present The mechanical properties 
were studied by P E McKinney 

L Gtullet studied the manganese-silicon steels with 0 104: to 0 620 per cent 
carbon, 0 457 to 2 310 per cent silicon, and 0 450 to 14 760 per cent manganese 
E Kothny also studied a couple of these alloys Steels with about 2 per cent of 
manganese, 0 1 of carbon, and 0 5 to 1 5 of silicon, and also those with 0 5 per cent 
carbon, 0 5 manganese, and up to 1 8 silicon, are pearlitic, with the grains of femte 
the closer the higher is the proportion of s Jicon The other steels have polyhedra 
of y iron m some cases — e g 0 2 C, 2 Mn, and. 1 5 Si — with fairly well-marked cleavage 
planes, and a few needles of martensite on the borders Quenching from 850° 
renders the pearlitic steels martensitic The y iron steels remain polyhedral, though 
the 0 2 C, 2 Mn, and 1 5 Si steel becomes wholly martensitic , this steel also becomes 
martensitic on annealing at 950° to 1200°, and when cooled m l quid air The other 
steels were not changed by cooling m liquid air The femte of the pearlitic steels 
becomes coarser on annealing, while the other steels remain unchanged No 
precipitation of carbon was observed The case-harderung of the pearlitic steels 
leaves a core of pearlrte, a zone of troostite, and an outer zone of y iron If earned 
far enough, pearlite and cementite are formed on the exterior The mechanical 
tests on the normal steels show that silicon raises the tensile strength and elastic 
limit, and lowers the elongation, reduction of area, and resistance to shock The 
variation m the elastic limit of the y-iron steels was small As silicon alters the 
mechanical structure, corresponding alterations occur m the mechanical properties, 
but the addition of silicon is, m general, injurious to manganese steels Quenching 
raises the tensile strength and elastic limits, but reduces the elongation, reduction of 
area, and resistance to shock Annealing softens all the steels excepting that with 
0 2 C, 2 Mn, and 1 5 Si G Bums, B Stoughton and Vt E Harvey, E W Col- 
beck and D Hanson, G H Keulegan and M R Houseman G A Hawkins and 
co-workers, W Riede, S Heuland, A B Kanzel, K T Kurten, W Venator, and 
E Mallard discussed the iron- mangane se-sihcon alloys P Nicolau examined their 
thermo-electric properties E Kohlhaas patented a manganese-stlicon titanium 
sted — 0 9 to 1 0 C, 0-4 to 07 Si, 9 8 to 10-3 Mn, and 0 2 to 1 4 T* 

L Guillet prepared manganese-ehromrani steels with 0 128 to 0*923 per cent 
carbon 1 92 to 14 02 manganese , and 2 87 to 5 25 chromium The micro- 
structure shows that these steels may contain (l) pearlrte (or troostite) if the propor- 
tions of manganese and chromium are not too high, (u) martensite — with or 
without carbide , and (in) polyhedra of y-iron — with or without carbide The 
alterations m structure show that the effect of chromium is superadded to that of 
the mangane se, and when the proportion of chromium is hi gh , a carbide is formed 
Quenching renders the steels with pearbte wholly martensitic, it may render some 
with polyhedral y-iron martensitic, and it may cause cleavage planes to appear in 
some of the polyhedra Annealing has very little effect on the raarten&itic or 
troostitio steels, but it produces transformations in they-iron, rendering it martensitic 
or troostosorbitic — v%de the nickel chromium steels Cooling m liquid a*r has very 
little influence Stressing in the cold converted the steel with y iron and mar- 
tensite into a mar t ensit e steel The case-hardening of the martensitic *ttel left a 
central core of martensite, then a zone of troostite intermixed with martens 
and then a thny zone of y non In general, the mechanical properties c trrespt m! 
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with the structure The normal martensitic steels ha\ e a high tensile strength and 
elastic limit, a low elongation and reduction of area, high brittleness, and an 
enormous hardness The troostitic steels have less strongly marked properties, 
while those with y iron have a high tensile strength but low elastic limit, a fairh 
high elongation, a high resistance to shock, and a medium hardness The presence 
of carbide diminishes the resistance to shock The changes m the mechanical 
properties which occur on quenching correspond with the microstructure The 
hardness, tensile strength, and elastic limit generally increase, the elongation, 
reduction of area, and resistance to shock are reduced Steels with y iron are 
softened by quenchmg — the elastic limit is reduced, and the resistance to shock is 
increased Annealing has, in general, but little effect on the mechanical properties, 
though m some cases the hardness, tensile strength, and elastic limit are raised, while 
the elongation, and reduction of area, and resistance to shock are reduced 
F M Beckett, J M Becket, A B Kinzel and W B Miller, and C L Clark and 
A E White studied the mechanical properties of these steels W Rohn found 
that the corrodibility of a Pe Cr Mn (60 25 15) alloy — normal and annealed 
— expressed as a loss m weight m grams per sq dm , with 10 per cent acids, is 
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W Guertler and T Liepus also studied the corrodibility of the iron-manganese 
molybdenum aPoys W F Rowden, and G Burns studied the manganese- 
molybdenum-iron alloys , andP Berthier, and V Ehmcke, manganese-tungsten- 
iron alloys , A Sta\enhagen and E Schuchard prepared manganese-uranium- 
lron alloys by the thermite process, and W C Hamilton examined some 
manganese-vanadium-iron alloys 
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E M allard, Bull Soc Min , 2 47, 1878 , 12 421, 1893 P Nicolau, Rev Met , 22 273, 539, 1925 , 
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§ 28 Ferrous Oxide and its Hydrate 

The supporters of the phlogiston theory knew that the calx of iron unites with 
different proportions of phlogiston Thus, m 1777, C W Scheele 1 said 

I dissolved 2 ounces of martial vitriol m 32 ounces of water, and precipitated the 
soln with a caustic lye The precipitate being settled, I decanted the clear liquor, and I 
put the deep green precipitate of iron, together with the remaining liquor, into a bottle 
and corked it well After a fortnight (during all of which time I shook Hie bottle ire 
quently), the green calx of iron had acquired the colour of crocus mart is, and out of 40 
parts of air, 12 were lost 

J Priestley made some observations on the oxidation of iron based on the 
phlogiston theory 

At the end of the eighteenth century, A L Lavoisier recognised two stages m 
the oxidation of iron, and, near the be ginnin g of the nineteenth century, 
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C L Berthollet believed that a great many oxides of iron, exist — indeed, he was 
inclined to believe that the iron and oxygen form a continuously progressing senes 
of indefinite compounds , but J L Proust considered that the various oxides 
so-called ^ere mixtures or combmations of ferrous and ferric oxide C F Bucholz 
and J Dalton favoured J L Proust’s hypothesis , J F d’Aubuisson, and 
L J Thenard, favoured C L Berthollet s J L Gay Lussac recognized an inter 
mediate variety between ferrous and ferric oxides , and J J Berzelius at first 
supposed that there are only two oxides, but later proved that there are three 
definite oxides, namely iron monoxide , or ferrous oxide, FeO , ferrosic oxide , Fe 8 0 
and feme oxide, Fe 2 0 3 The oxides with a composition between those of ferrous 
and ferrosic oxides are considered to be solid soln , and have been named wnstite 
those with a composition between ferrous oxide and iron have been called oxyferntes 
and if the iron is also associated with carbon and cooled rapidly, oxyaustemtes * 
and likewise, also, with those oxides having a composition between those of ferrosic 
and ferric oxides — vide infra , they form solid soln which have been called mariites 
— vide feme oxide Salts of the unknown iron dioxide , Fe0 2 , and of the unknown 
iron tnoxide , FeO s , have also been prepared , the former are called perferntes 
and the latter ferrates whilst the salts of feme oxide are called femtes There 
is also the supposed iron tetroxide, Fe0 4 , and the salts of the corresponding acid 
namely, the perferraies 

A Brun reported that volcanic lava passing from the vitreous to the crystalline 
state traverses a period m which ferrous oxide is deposited as a new mineral which 
he called lozite The presence of lozite m the lava is taken to indicate that water 
was absent at the time of its formation The ferrous oxide content of a lava is 
reduced by the oxidizing action of air or steam Hence, the magma m the crater 
is probably less highly oxidized than the lava outside The subject was discussed 
by G Ponte The individuality of lozite is not yet established as a definite mineral 
species 

According to R F Marchand, when iron is burnt m the oxyhydrogen flame, the 
product of combustion is not the scaly oxide obtained when the metal is burnt 
m oxygen gas, but a fused, malleable mass which dissolves m hydrochloric acid 
with the evolution of hydrogen to form ferrous chloride R F Marchand found 
that the analysis agreed with the assumption that erne Verbndungen des Eisenoxydvk 
mit metalliscken Eisen, Fe 3 (FeO), or ferrous suboxide, or iron tetntoxide, Fe 4 0, is 
formed This has not been confirmed , it is thought that the alleged suboxide is 
a mixture or solid soln of iron and ferrous oxide, or, possibly, ferrosic oxide 
R Schenck obtained a product with the ultimate composition Fe 3 0, iron tnUmde, 
by the action of a mixture of equal parts of carbon monoxide and dioxide on a 
mixture of magnesia and finely-divided iron at about 650° and atm press , but 
the work of R Schenck and co workers, G Lepetit, and J Muller showed that 
the product is really a sobd soln of ferrous oxide and magnesia I L Bell supposed 
that an iron hemioxide, Fe 2 0, is formed by the action of carbon monoxide on feme 
oxide, and L Dusarfc, that a similar oxide is produced by the oxidation of the 
hemisulphide with steam at 60° , but R Akermann and C G Samstrom showed 
that the product obtained by the action of carbon monoxide is a mix ture of iron, 
ferrous oxide, and ferrosic oxide W Galbraith, and F R EichhofE assumed that a 
product approximating Fe 7 0, occurs as an inclusion m iron C R Wohrmann 
discussed the ferrous oxide inclusions in iron W G Mixter obtained a product 
approximating FegC^ by the action of a current of nitrogen on ferrous oxalate 
at 900 , but it was considered to be a mixture of iron and ferrous oxide 
J B Ferguson, m his study of the action of water vapour on heated iron, obtained 
no evidence of the formation of any oxide of iron lower than ferrous oxide 
_ solubility of iron in ferrous oxide , observed by A Matsubara, and 
E D Eastman, was found by H Groebler and co-workers not to exist , the solu- 
bility of iron m solid ferrous oxide is inappreciable when examined by the X radio- 
gram process F S Tntton and D Hanson reported that molten ferrous oxide 
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dissolves about 1 per cent of iron H le Chateber and B Bogitsch noticed that 
oxygen can dissolve m solid iron , and the subject was examined b) J E Stead, 
\nd J H Whitelev E D Eastman found that ferrous oxide is unstable with 
respect to iron below 550° , but although iron is not appreciably soluble m ferrous 
oxide, ferrous oxide is soluble m iron to the extent of 20 to 25 molar per cent — 
i e 6 to 8 per cent of oxygen F S Tntton and D Hanson obtained an equilibrium 
diagram for iron containing from 0 1 per cent oxygen up to approximatelv 22 per 
cent , represented by the compound FeO There is a large range of immiscibility 
of the two components, which m the molten state separate into two liquid lasers 
C H Herty and J M Games found that arrest points for 8 , y , and iron are 
not affected b} the presence of from 0 12 to 0 21 per cent of ox} gen The solubibty 
of ferrous oxide in y-iron is rather greater than it is in a iron, because the A s arrest 
is lowered by the presence of the oxide The lowering of the A s arrest i& accom- 
panied by the raising of the A^arrest K Schonert gave for the solubility of oxygen 
as ferrous oxide m a , /?-, and y iron respectively 0 03 0 13 and 0 15 to D 19 per 
cent The proportion dissolved in a-iron increases with a rising temp , so that m 
molten iron at the f p the solubility is 0 21 per cent , and the f p is 
depressed to 1509° When more oxygen is present, two solid phases are 
formed, the phase rich m oxygen contains about 0 21 per cent of oxygen, and 
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R B Sosman and J C Hostetter on the equilibrium conditions when steam 
acts on iron, and on the assumed existence of solid soln between the phases 
Fe and FeO, FeO and Fe s 0 4 , and Fe 8 0 4 and FegOs, discussed by W Mathesius, 
P Goerens, H Moissan, etc — mde infra In G Benedicks and H Lofquist’s 
diagram the mp of iron is lowered to B by the presence of dissolved ferrous 
oxide, and BD represents the solubility curve of ferrous oxide in molten iron 
determined approximately by C C de Coussergues, and more exactly by 
C H Herty In the higher ranges of temp , liquid ferrous oxide and iron are only 
partially miscible, and it is estimated that the two solubility lines meet near 2000 °, 
when the two phases become completely soluble The f p of ferrous oxide is con- 
sidered to be near 1370°, so that the curve CGM extends at least to 1370°, and M 
falls to the right of the wustite area The eutectic N was observed by P Oberboffer 
and K d’Huart to occur at about 1200°, with about 24 per cent of oxygen 
S Hilpert and others examined the system FeO-FegC^, but the data are somewhat 
indefinite Although R B Sosman and J C Hostetter consider that there is a 
continuous senes of solid soln between Fe^ and FegO^ C Benedicks and 
H Lofquist consider that the great difference m the crystal structure of the two 
oxides favours the view that the miscibility is partial The polymorphic forms of 
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feme and ferrosic oxides are not included m the diagram The diagram was dis 
cussed by R Schenck and T Dingmann, P Oberhoffei, E Janecke, R Akerman, 
W Austin, E D Eastman, E W Ehn, A Matsubara, H Monden, J A Picard’, 

J A Picaid and F M Potter, R B Sosman and J 0 Ho&tettei, J E Stead’ 

A E White and J S Vamck,F Sauerwald and W Hummitzsch, and J H Whiteley 
The solubility of oxygen or jerrous oxide m molten iron was examined by 
A Ledebur, P Oberhofier and K d’Huart, F Schmitz, A Wimmer, and 
L Romanoff A Ledebur found a maximum solubility of 0 24 per cent of oxygen 
m liquid steel , F S Tritton and D Hanson, K Schonert, and C H Herty gave 
0 21 per cent at 1530°, and above that temp the mixture separates into two layers , 
and A Wimmer, 0 20 per cent for iron at 40° or 50° above its m p C H Herty 
and J M Games gave for the solubility at 1535°, 0 94 per cent of FeO, or 0 21 per 
cent of oxygen , at 1600°, 1 36 per cent of FeO, or 0 304 per cent of oxygen , 
and at 1700°, 2 02 per cent of FeO, or 0 452 per cent of oxygen H le Chateher 
observed that the dissociation press , p, of ferrous oxide dissolved m iron is 
p X 10~ 8 =(1 1C) 2 , where G denotes the cone of the dissolved ferrous oxide 
C C de Coussergues gave zero at 1400°, 1 per cent at 1700°, and 3 per cent at 
1800° 

R Schenck and T Dmgmann found a solubility of 2 8 per cent ferrous oxide 
m solid non at 1000°, and 2 05 per cent at 700° R Schenck and co workers later 
said that this result is only apparent, and is due to the formation of unstable wustite , 
the solubility is 0 4 per cent at 800° and 1000° , and they assumed a solubility 
of 0 8 per cent at 700° ED Eastman and R M Evans obtained a 5 per cent 
solubility m iron at 772° , and A Matsubara 6 to 7 per cent For the solubility 
of oxygen m a-iron A Wimmer gave 0 035 per cent , T D Yensen 0 4 per cent , 
F S Tritton and D Hanson gave 0 055 per cent and P Oberhofier and co workers 
0 05 per cent The solubility of oxygen m so-called /? iron was estimated by 
A Wimmer to be 0 13 per cent , and a eutectic structure could be detected m iron 
with this proportion of oxygen W DunwaldandC Wagner said that the solubility 
of oxygen m a- and y-femtes between 800° and 1000° is less than 0 01 per cent 
The subject was discussed by H Esser The solubility of oxygen in y iron was 
measured by W Austin, E L Reed, H Monden, A McCance, K Schonert, 
P Oberhofier and co-workers, C Benedicks and H Lofquist, L von Fnesen, and 
J C W Humfrey The high values are based on equilibrium measurements, and 
the low values on the microstructure Observations based on X-radiograms were 
made by H Groebler and co-workers , and the magnetic measurements of J Huggett 
and co workers show no appreciable solubility of ferrous oxide m iron W Krmgs 
and J Kempkens showed that the high values for the solubility of oxygen in iron 
are probably wrong, and they obtained 0 11 ±0 015 per cent at 715°, and 0095 
±0 010 per cent at 800° Even this is higher than the observed values for the 
quantity of oxygen in commercial iron, where the proportion is of the order 0 05 per 
cent The results obtained by heatmg iron in mix tures of steam and hydrogen for 
24 to 65 hrs at 715°, when the estimated partial press of the oxygen was p } were 
as follow 

Steam 28 0 24 0 18 5 10 0 2 5 trace per cent 

p X 10 S1 atm 0 87 0 57 0 305 0 0707 0 0038 — 

Oxygen m iron 0 0862 0 0832 0 0832 0 0832 0 0678 0 0185 per cent 

The limiting value is extrapolated to be 0 11 per cent The results are m har- 

mony with those obtained for the equilibrium FeO+Hg^Fe+HgO — vide supra 

R Schenck studied the solid soln of small quantities of ferrous oxide in iron, 
and he called them oxyfemte, or rather oxofernte if the ferrite be replaced by 
austenite, then the corresponding solid soln is called oxyaustemte Ferrous oxide 
does not occur as a solid phase, but it is part of a series of solid soln of FeO and 
FeA called WUsLlte Ferrous oxide is the do mina nt constituent of wustite At 
higher temp the solid soln wustite approximates FeO R Schenck and co-workers 
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found tint m tht ltictun F< O^-CO^Fe— CO^ thr pinpoi+umsof ^able owfernte, 
ardwu tue form* dare th'M indicated m Tab « LXXVV III md Fig 4">7 Wustite 
cm * xi<*- - i homogeneous ^olid c oln of \ i ruble compiwtm nnh abo\e 570 
ind all i ^taies mttnnidnte between oxafuul md mmmtitt lu low 570 , split 
into then. components to form a hep ro^ene< i i mixture W a*4r* h«»we\ei, ma\ 
occur i meta^tible pha*e down to about 
42CT Owftrutc J>o cccu r a isa liomogenr oa& itfj* 
stable pi* Ail's mixture of intermediate 
composition c mnot exist as a stable, homo 
geneous phase, but splits up into two solid 
soln , wustite and oxa ferrite The mixture at 
the oxtfemte side will be oxvfernte saturatea 
with wustite and that at the wustite side will 
be wustite satnnted with oxyferrite or iron 
There is a ^imihr heterogeneous phase be- 
tween wustite nd magnetitt There is a 
doubt whether R Schench has ldopted the cor 
rect position foi the wustite area , E D East 
man and R AI E\ans placed their wustite 
area astude the portion of the diagram corre 
spondmg with FtO The subject was also studied b\ C H Mathewson and co- 
workers U Hofmann and E Groll and R Sthenck and E Ilengler E R Jate 
and F Foote studied the homogeneity of wustite, and found that it decomposes 
between 565 and 570 , thev ilso showed that ill simples had the spice lattice 
of FeO 

0 0 Ralston said that if R Schenck s position for wustite be accepted, no one 
could possibh prepare ferrous oxide by gas reduction or oxidation methods and 
hence it is better to shift the position of the wustite area to the left so that it includes 
ferrous oxide R Schenck’s diagram does not show an} difference between the 
solubihti of wustite m a-iron and m y iron K Schonert, and O C Ralston sug- 
gested that the lower slope of the oxvfernte boundary between 570° and 800° is 
associated with the properties of a iron, and with those of y iron at a higher temp 
By re plotting R Schenck’s data, O C Ralston obtained the curies, Fig 488, 
m which the lower one represents the solubility of ferrous oxide m a iron, and the 
upper curve its solubility m y iron The A 3 arrest is presumably lowered by the 
presence of ferrous oxide down to a eutectoid which had not been located but is 
somewhere m the range between 700° and 800° 
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O (' Ralston plotted the pressure data of R B So&man and J C Hostettei, 
and of L Wohlei and R Gunther in the theoretical diagram of A Snnts and 
\ ox. Tin 2 z 
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J M Brjvoet, and obtained the diagram Fig 489, which does not show the region 
occupied by the solid soln oxyferrite and wustite—c/’ Figs 487 and 488 

Ferrous oxide is metastable at ordinary temp It is stable above approximately 
570°, but below that temp G Chaudron and co-workers showed that it breaks up 
in accord with the equation 4Fe0^Fe 3 0 4 +Fe The invariant or triple point was 
given at 570° by G Chaudron, A Smits and J M Brjvoet, R B Sosman, 
W Remders, P van Groningen, E D Eastman and R M Evans, and L Wohler 
and R Gunther , J B Ferguson gave 578° , and M Tigerschiold, 535° Obviously, 
therefore, m preparing ferrous oxide by the reduction of a higher oxide with hydrogen 
or carbon monoxide, the temp must exceed this invariant pomt, 570°, for below 
that temp ferrous oxide is metastable with respect to Fe+Fe 3 0 4 , and instead 
of reducing ferrosic oxide to ferrous oxide, the tendency will be for ferrosic oxide 
to pass directly to iron without the intermediate stage, ferrous oxide, appearing at 
all This brings under suspicion all the alleged preparations of feirous oxide by 
the gaseous reduction of the higher oxides where these limitations have not been 
taken mto consideration , and it shows a reason for the difficulty m preparing 
ferrous oxide free from magnetite and iron Further, the equilibrium diagram, 
Fig 486, shows that stable ferrous oxide cannot separate m a pure condition from 
a melt , it loses its identity at its m p , 1370°, and it is metastable below 570° 



0/23 
Per cent of oxygen 

Fig 488 — The Oxyfemte System 



Fig 489 — Pressure Temperature 
Diagram for the System Fe-0 


According to J B Ferguson, and G Chaudron and H Forestier, the dissociation 
of ferrous oxide is reversible, for the reaction products — magnetite or ferrosic oxide, 
and iron — recombine to form ferrous oxide at temp exceeding 570° J B Ferguson 
kept a sample of ferrous oxide between 300° and 570° to allow complete decom 
position to take place, and he then kept portions of the material at different temp 
exceeding 570° for 5 hrs , and the results show that the iron and ferrosic oxide 
recombme to form ferrous oxide at temp exceeding 570° , similarly, samples of 
ferrous oxide kept for 5 hrs at different temp below 570° slowly broke up at 
536°, and the percentage decomposition increased as the temp was lowered, until 
at 436° there was a 65 per cent decomposition This shows that the ferrous oxide 
must be super-cooled some distance below 570° before the rate of decomposition 
is appreciable during 5 hrs G Chaudron and H Forestier found that about 78 per 
cent ferrous oxide was decomposed m 8 hrs at 445° The rate of decomposition 
of ferrous oxide is a maximum at 480°, when about 80 per cent decomposed in 
24 hrs , and below 300° virtually no decomposition occurs during that period 
Unlike J B Ferguson, G Chaudron and H Forestier obtamed only a 50 per cent 
recombination m 12 hrs at 600° The speed of decomposition is m accord with 
dxjdt=k(l00 — a;) 4 , where x denotes the percentage decomposition m the time t, 
and Jc is a constant The rate of decomposition is thus proportional to the 4th 
power of the concentration of the undecomposed ferrous oxide 4Fe(MFe+Fe 3 0 4 
The unit crystal cubic lattice contains four FeO molecules According to 
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J B Ferguson, the invariant point 570° is lowered when ferrosic oxide is m sohd 
soln in the ferrous oxide, so that the new invariant point is between the sohd 
soln , ferrosic oxide, iron, and gas 

It follows from these observations that ferrous oxide prepared at high temp 
can be safely cooled to room temp without appreciable decomposition provided 
it be cooled rapidly through the range 
570° to 300°, but if the product be 
slowlv cooled it will be contaminated 
with more or less ferrosic oxide and 
iron At ordinary temp the oxide is 
m a metastable state, and it can be 
preserved indefinitely pro\ided it be 
protected from atm oxidation The 
preparation of ferrous oxide bj the 
oxidation of iron or by the reduction 
of feme or ferrosic oxide was discussed 
b} S Hilpert and J Beyer, G Chaud- 
ron and H Forestier, J B Ferguson, 

L Wohler and R Gunther, L E Gru- 
ner, and G Lepetit The curves for 
the isothermal reduction of feme oxide by carbon monoxide by R Schenck at 
700°, 800°, and 950°, and by A Matsubara at 863°, 1070°, and 1175°, are shown 
m Fig 490 The curves show the progress of the deoxidation at these temp 
R Schenck found that the mixture of ferrous and ferrosic oxides obtained at 
different temp contained 

v CO CO, 650° 

25 75 95 35 

54 



Fig 490 — The Isothermal Reduction of 
Feme Oxide 
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The curves show complications caused by the carburization of the iron when the 
proportion of oxvgen in the sohd has been reduced to about 8 per cent R Schenck s 
interpretation of the equikbna m the reaction between iron oxide and carbon 
monoxide, at one atm press , is illustrated by FigB 491 to 499 The dotted line 
refers to the producer gas equihbnum , C refers to the bivanant equilibrium 
2 CCMC+CO 2 The various fields of bivanant eqmlil na are numbered 1 to 5 , 
(1) refers to FesO^ wustite, and gas , (2) wustite, o y ferrite, and gas , (3) Fe s C, 
oxyaustemte, and gas, (4) wustite, oxyaustemte, and gas, and (5) oayfemte, 
oxyaustemte, and gas W refers to the wustite fie ] d , Fe, to the oxyfemte field , 
and A to the oxyaustemte field 

The increase m the proportion of carbon monoxide required for the reduction, 
that is, the lessened activity of the ferrous oxide near the iron-edge of the diagram, 
Fig 490, is attributed to the disappearance of the pure ferrous oxide phase, and to 
the fact that the remaining ferrous oxide exists m sohd soln m the iron, and is 
then more difficult to reduce to metal J B Ferguson suggested that two different 
forms of ferrous oxide may be concerned m the phenomenon This is the region 
where R Schenck’s oxyfemte is formed The subject was discussed by 
0 C Ralston H Groebler and P Oberhoffer obtained by the reduction process 
97 8 per cent ferrous oxide at 800° They also attempted to remove iron from the 
product of the reduction by chemical agents, but the results were not good , a 
95 per cent ferrous oxide was so obtained A Smits and J M Bijvoet have dis- 
cussed this subject from another aspect — mde infra, feme oxide The work of 
E Baur and A Glassner, L Wohler and 0 Balz, P P Fedoteeff and T N Petrenko, 
R Schenck and co-workers, M Levin, H Nippert, H Kamura, J B Ferguson, 
H J van Royen, V Falcke, E Terres and A Pongracz, A Matsubara, and 
G Chaudron on the equilibrium Jl=[C 02]/[CO], m the presence of iron and its 
oxides, at the absolute temp T t summarized by E D Eastman, is indicated in 
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Eig 502 According to 0 C Ralston, the horizontal lines represent equilibria 
betv een pairs of phases of approximately constant composition, whether pure com- 
pounds or solid soln The portions curving away from the horizontal are obtained 
when the relative amount of one phase oi another is small Between Fe 3 0 4 and 
FeO the isotherms show a horizontal portion which does not quite leach Fe 3 0 4 or 
FeO, but is cut ofi b\ sloping portions of the curve In this case, on the side next 
to FeO the change in direction is at the point where all of the free Fe 3 0 4 is exhausted, 
and only a solid soln of Fe 3 0 4 m FeO is left m equilibrium with the gas , and then 
for e\ery decrease m the amount of dissolved Fe 3 0 4 , gas of increased reducing power 



is necessary until all of the Fe^ is gone Similarlv, on the sloping branch of the 
curve next to the composition of FegO^ the FeO dissolves m the Fe 3 0 4 in solid 
soln , as Fe 3 0 4 is reduced to FeO, reducing the activity of the Fe 3 0 4 and requiring 
gas of higher reducing power for the next step until enough FeO has been formed 
to saturate the Fe30 4 Afterwards the curve runs horizontally, excess FeO merely 
dissolving Fe 3 0 4 to form a sat soln of Fe 3 0 4 m FeO The horizontal part of the 
cuive is therefore actually one of equilibrium between two sat soln , one mainly 
made up of magnetite and the other of FeO The ends of the horizontal portions 
of the curves give directly the analyses of the sat soln 

The dotted curve, Fig 490, summarizes E D Eastman and R M Evans’s 
lesults for the oxidation of iron by water vapour at 772 ° — when hydrogen is sub- 
stituted for carbon monoxide as ordinate The solid phase is here fiee fiom carbides, 
md again the phenomenon due to a decrease in the activity of the ferrous oxide, 
observed with carbon monoxide, occurs neat the iron edge of the diagram The 
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oxidation begin* at about 7o<J with a gi^ mixture containing a less ratio than 
0 54 of water vapour to lrvdrogen , below thi* temp , blijih r l\ o\ul zed specimens 
are reduced The work of H »St V De\lk,G Picumi U Clnutlron P P Fedo- 
teefi and 1 X Pctitnko, P H Eminent ami J F fehultz L Wonltr, and 
E Schreiner and F B Grmtnes on the equilibrium A=~iH,0 [HJ, m the presence 
of iron and its oxides, at the absolute temp T> summarized by E D Ewtnnn is 
indicated in Fig 501 Ihtse diagrams the region^ of *tibibt\ of ferrous md 



Fig 500 — Equilibrium of the Solid 1 bases 
m the System with Iron, Iron Oxide, 
and Carbon Oxides 



Fig 501 — Equilibrium of the Solid Phases 
in the System with Iron, Iron Oxides, 
Hydrogen, and Steam 


fenosic oxides at diffeient ttmp , and m the presence of the iespectne gases 
M ligeisehioid found that ferrous oxide is more readilt reduced b\ h\ drogen abote 
800°, and by caibon monoxide below that temp W Blitz and H Muller gave 
•values fox the ratio jK=P h oJPr. , for Fe 3 0 4 /Fe, A-=0 2 to 0 4 between 430° and 
530° for FtO/Fe, K =- 0 5 to 1 0 “between 620° and 1000° , fox ^OJFeO, K= 0 6 
to 10 between 590° and 1050° , and for Fe>0oyFe.j04, K ~ 7 5 to 18 between 3o0° 
and 950 J 

E Sclieil and E H Bchulz developed a series of cun es from R Schenck & data 
showing the e fleet of press on the equilibrium, and the isobars for 200 and 
1200 mm are shown in Figs 502 
and 503 x refers to another phase / Q(Xf 
(solid soln ) 

The preparation of ferrous 
oxide — Ferrous oxide of a high 
degree of purity has not been 
prepared R B Sosman and 
J C Hostetter always obtamed 
a product containing iron or iron 
carbide, magnetite, or some oxide 
intermediate m composition be- 
tween FeO and Fe s 0 4 S Hilpert 
and J Bey er obtamed a product 
free from metallic iron but m 
which some magnetic oxide was present As just mdicated, the failure to piepare 
ferrous oxide free from ferrosic oxide is attributed to the formation of a solid 
soln of the two oxides, and A Smits and J M Bijvoet also snggested that over 
a particular range of temp ferrous oxide has a higher dissociation press than 
ferrosic oxide, so that the reaction 4Fe0=Fe 3 0 4 -f Fe may occur as m the 
analogous case of rndous oxide 2Ir0=Ir0 2 +Ir obseived by L Wohler and 
co-workers On account of the instability of ferrous oxide if heated above or 
cooled below 570°, E D Eastman, R W G Wyckofi and E D Crittenden, 
R Schenck, and L Wohler and R Gunther consider that ferrous oxide cannot be 
deliberately prepared without some decomposition , whilst K Hofmann held that, 
feme oxide reduced by hydrogen at 564° consists essentially of ferrous oxide The 
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subject was discussed by G Chaudion, 8 Hilpeit and I Beyei, and R Sthentk 
and T Dingmann 

According to the analyses of A L Lavoisiei, J L Proust, J W Doberemer, 

J J Berzelius, L J Thenard, J L Gay Lussac, and C F Bucholz, the proportions 
of iron in samples prepared by the oxidation of iron or the reduction of ferric oxide 
have from 73 to 78 per cent of iron when the theoretical value for FeO is 77 14 
per cent R Schenck, and 0 Pattenhausen said that commercial ferrous oxide is 
mainly ferrosic oxide, Fe 3 0 4 

According to C F Bucholz, ferrous oxide is a product of the action of steam on 
red-hot iron, and G Chaudron stated that the reaction Fe+H 2 O^FeO+H 2 
occurs at 570° H Nippert, and L Wohler and R Gunther studied the reaction— 
mde supra JAN Friend said that ferrous oxide is produced by heating iron in 
steam at 350° , and H Debray, that ferric oxide is reduced to ferrous oxide by 
one vol of water vapour mixed with one to three vols of hydrogen According 
to S Hilpert and J Beyer, the ferrous oxide is formed m an increasing proportion 
as the temp is raised , thus, at 700°, the product contams 85 per cent of FeO, and 
at 800°, 92 per cent , but pjire ferrous oxide is not obtamed even at 1100° , nor 
was it possible to obtain pure ferrous oxide by the oxidation of reduced iron m a 
mixture of steam and hydrogen R M Bozorth also observed that when steam 
acted on iron at 700°, he found a 2 x 10~ 2 cm inner layer of ferrous oxide, a 2 x KM 
cm layer of ferrosic oxide, and an outer 2 x 10~ 5 cm layer of feme oxide 

According to G Tissandier, iron can be oxidized to ferrous oxide by heatmg it 
to bright redness m a current of carbon dioxide I L Bell obtamed a similar result 
by using a mixture of equal vols of carbon monoxide and dioxide , A Laurent 
said that the product is ferrosic oxide , and H Nippert, that at 720° ferrous oxide 
is produced The reaction has been previously discussed by G Lepetit, R Schenck 
and T Dingmann, etc , m connection with the blast furnace 

G Chaudron and co workers observed that at a temp exceeding 570°, iron 
reacts with ferrosic oxide to form ferrous oxide, so that at 592°, 24 per cent was 
transformed m 24 hrs , and 51 per cent at 600° P Oberhoffer and H Schenck 
said that the reaction is nearly complete at 1600° C N Schuette and C G Maier, 
and C T Anderson studied the reaction L Wohler and R Gunther did not notice 
the reaction Fe^-f Fe=4FeO, because their mixture was too coarse-grained 
W Mills obtamed an impure product by heatmg feme oxide with iron Fe+FegOs 
=3FeO , and R W G Wyckoff and E D Crittenden obtamed impure ferrous oxide 
by fusing magnetite with iron— analysis 0 54, Fe , 78 40, FeO , 20 32, Fea0 4 
R W Millar tried unsuccessfully to purify the sample, but he did succeed m raising 
the ferrous oxide to 82 95 per cent J H Whiteley, F S Tritton and D Hanson, 
and C H Herty also obtamed analogous products G Tammann and E Kordes 
observed that the reaction Fe+PbO==Pb-f FeO begins at about 460°, and Fe+CuO 
=FeO+Cu at 610° 

P Sabatier and J B Senderens said that ferrous oxide is formed at 200° when 
nitrous oxide is passed over iron , and F Emich added that feme oxide is the end 
product of this reaction J Feree stated that ferrous oxide is produced when iron 
amalgam is slowly oxidized by exposure to air, but this reaction is not to be regarded 
seriously as a method of preparation W Vaubel obtamed ferrous oxide as a 
product of the action of ammonium nitrate on iron , F Martin and P Fuchs, as 
a product of the reduction of alkaline earth sulphates with iron , and A de Mentens, 
by the anodic oxidation of iron 

According to F Stromeyer, H W F Wackenroder and F Stromeyer, and 
G Magnus, feme oxide, at the softening temp of glass, is reduced by hydrogen to 
ferrous oxide , and M Siewert added that the reduction to ferrous oxide occurs at 
280° to 300 °— -wde %nfra y the action of hydrogen on feme oxide The ferrous oxide 
produced at this low temp is pyrophoric, but it loses this property if kept in 
hydrogen for about 12 hrs The product is very liable to be contaminated with 
ferrosic oxide, but H Moissan said that he obtamed a product of a high degree of 
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piaiH b\ hi. i* mi krui oxide at 500 in b\ drugf n foi in mm** \s indicated above, 
the ii action mvoho ^omo complex tqudibna, d^cu^sea pre\iou^l\ m connection 
with the bli^t fmmee H Dcbrrv obtamid ferrous o\ide bv reduci lg ferric oxide 
with a mixture of one to three voh? of h\ drocen and one \ ol of stearr at a red heat 
Tht equilibrium conditions with water vapour weie discussed b* S Hilpert and 
T Beter J Be\er, L Wohler and R Gunther and G Chaudron — ade supia 
H Moissan obtained ftrrous oxide b} reducing ftrnc oxide m a current of dr} 
carbon monoxide at 500° , and H Deoray I L Bell and F Lep^av and A Laurent 
employ ed a mixture of equal v oh of carbon monoxide and dioxide , C R A ’Wright 
and A P Luff said that the product at a bright red heat has the composition 
^ e ieOi 7 0 Pittenhau^en said that with a mixture of equal vols of carbon 
monoxide and dioxide, ferric oxide heated at first to 775° and then to 82 5° }ields 
a product with 83 to 84 per cent FeO , and at 850° to 870°, one with 84 5 per cent 
FeO , G Chaudron obtained ferrous oxide at 800° to 1000 J after 3 hrs * exposure 
to the mixture of equal vols of carbon monoxide and dioxide L Wohler and 
R Gunther said that the product is not to be regarded as pure ferrous oxide , but 
H Groebler and P Oberhoffer, and H Groebler obtained a product w'lth 99 3 per 
cent FeO and only 0 7 Fe 3 04 R Schenek could not obtain ferrous oxide as an 
independent solid phase bv reducing ferrosic oxide with carbon monoxide up to 
1100°, although he did get a feebly magnetic sample with 0 1 per cent of iron in 
excess of that required for ferrous oxide b} reducing ferric oxide at 800° with the 
equilibrium mixture of 66 66 per cent of carbon monoxide and 33 33 per cent of 
carbon dioxide The equilibrium conditions m the reaction were studied by 
R Schenck and co workers, J Muller, G Lepetit, etc — tide supra 0 H Herty 
and G R Fitterer heated ferric oxide m a graphite crucible m an electric furnace, 
removed the iron and iron carbide b} a magnet, and found the remaining product 
contained 98 9 per cent FeO The preceding observations weaken confidence in 
the old methods which have been reported for preparing ferrous oxide J v on Liebig 
said that ferrous oxide is formed when drv ferrous oxalate is heated to 150° or 160°, 
m the absence of air, and cooled m an atmosphere of carbon dioxide A Vogel, 
and G Magnus obtained pyrophoric ferrous oxide by a similar process , 
and the products of this reaction were discussed by C F Rammelsberg, and 
J W T B Doberemer According to H Moissan, and W G Mixter, m order to avoid 
the separation of carbon, or the formation of a carbide, it is an advantage to heat 
the ferrous oxalate gradually up to 520° m a current of nitrogen, and finish off at 
about 900° The product contains a little iron S Birrne, M Herschkowitz, 
V Falcke, and H Nippert were also of the opinion that the products of the reaction 
are iron, ferrous and ferrosic oxides, carbon, and possibly undecomposed oxalate 
H le Chatelier reported ferrous oxide to be formed when a mixture of ferrous car- 
bonate and oxalate is heated m a current of equal vols of h}drogen and carbon 
dioxide , but O Ruff and E Gersten always obtained a product conta min ated with 
ferrosic oxide and carbon H Moissan said that ferrous oxide, along with some 
ferrosic oxide, is produced w hen ferrous carbonate is rapidl} heated R Bottger said 
that ferrous oxide is formed when ferrous oxalate is added to a boiling soln of po- 
tassium hydroxide, and J Riban,whena5pereent soln of ferrous formate or acetate 
is heated m a sealed tube at 175°, but m both cases some ferrosic oxide is formed 
Ferrous oxide has been reported by F Bode to be formed m J Hollwavs 
process of desulphurizing copper pvntes m the Bessemer cony erter , b\ L Benedek, 
when p} rites is heated to 300° or 400° m water vapour , by A Brun, when basic 
volcanic glasses are heated to 800° m \acuo , and by E Diepschlag and H Fliegen- 
schmidt, when ferrous silicate is heated to 1200° in the presence of an excess of lime 
It is common to find that the metal oxides produced at a low temp are more chemi- 
cally active than those which have been heated to a high temp This, for instance, 
is the case with alumina, chromic oxide, ferric oxide, etc In some cases there is an 
evolution of heat as the oxide is transformed into the insoluble form— i ide 5 33, 10 , 
and vide ivfra, the ealorescence of ferric oxide R W Millar’s sp ht curve, Fig 504, 
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lias a peak at —170° H Moissan said that ferrous oxide can exist m tw o aflotropic 
forms accoidmg as it has been produced at a high or at a low temp He said that 
the variety produced below 600° is more chemically active, for on exposure to air 
it unites with oxygen so rapidly that the whole mass may become incandescent, 

it decomposes water slowly m the cold, but more 
rapidly at the b p , it is xeadil} soluble e\en m dil 
acids such as acetic acid , it easily displaces ammonia 
from its salts , and it begins to be reduced by li j drogen 
at about 280° On the other hand, fenous oxide 
which has been heated above 1000° is no longer pym 
phone on exposuie to air, it does not decompose 
Fig 504 — The Molecular water, it is not soluble m dil acetic acid, it is not 
Heats of Ferrous and Feme re( j uce( 2 by hydiogen below 330° F Glaser gave 
°* ldes 370° for the temp of reduction of ferxous oxide by 

hydrogen The two varieties when oxidized to ferrosic oxide give products which 
show some differences (q v ) G Chaudion suggested that two varieties are in 
the one case ferrous oxide stable above 570° and m the other case a mixture of 
ferrosic oxide and iron 4FeO^Fe 8 0 4 +Fe, which has a transition temp at about 
570 ° — mde infra , magnetic properties of ferrous oxide 

The physical properties of ferrous oxide — Ferrous oxide, when prepared by 
gaseous reduction, is a black powder, and when obtamed by fusion processes, it is 
black and massive Polished surfaces were found by H E Merwm to show the 
presence of magnetite by heat etching — the ferrous oxide at a red heat assumes a 
matt appearance, whilst magnetite remains unaffected The crystals are cubic 
H Groebler and P Oberhoffer exa min ed the X-radlOgram of solid soln with 
ferrosic oxide (qv) R W G Wyckofi and E D Clittenden observed that the 
X-radiogram of ferrous oxide corresponds with a space lattice of the sodium 
chloride type , the length of unit cube is a=4 2944 A , V M Goldschmidt and 
co workers found a = 4 27 A , and G Natta, 4 28 A D W Muiphy and co-workers 
obtained ®=4 289 A at temp near the mp R W G WyckofE and E D Crittenden 
concluded that the unit cell contains 4 mols of FeO The unit cube of ferrous oxide 
containing some magnetite is slightly larger than is the case with ferrous oxide 
alone The calculated specific gravity is 5 99, whereas the observed value making 
corrections for the ferrosic oxide impurity is 5 72 S Hilpert and J Beyer reported 
the sp gr ol 97 83 per cent ferrous oxide obtamed by reduemg ferric oxide m 
hydrogen to be 5 9, and if corrected for ferrosic oxide 5 92 W Blitz studied the 
mol vol , and F Sauerwald and G Eisner, the adhesion of the compressed powder 
M Mayer and B Havas calculated values for the coeff of thermal expansion 
fiom the addition rule for ferrous oxide m silicate glasses , and G Chaudron and 
H Forestier observed an anomaly m the thermal expansion corresponding with the 
change 4FeO^Fe 3 0 4 +Fe below 570° O Kresta observed that the compressed 
powder, apparent sp gr 2 240, at about 49 8° has a thermal conductivity of 0 00133 
cal per cm per second per degree A B Lamb found the specific heat to be 
0 1660 at 25° to 100°, or 0 1625 at 25° If the temp coefi is the same as it is for 
iron, it would require 11,385 cals to heat a gram of ferrous oxide from 25° to 727° 
W P White gave for the true sp ht c p — 0 17508 +0 0000270, at temp between 
30° and 900° M Tigersehiold calculated C v = 10 90, at 17°, from the equilibrium 
relations Fe0+C0^Fe+C0 2 , and 10 64 from Kopp’s rule H J van Royen 
also made observations on this subject R W Millar gave for the sp ht , c P , and 
the molecular heat, CL of a sample with 82 96 per cent FeO, 14 54, Fe 3 0 4 , and 
2 5, Fe 
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Thf re^ubs ire plotted m Fig 504 F 8 Tritton and D Hanlon ga\t 1370° for 
the melting-point, O Ruf? md 0 Gotcke 1119 , C H Hern ^nd G R Fitterer, 
1055% H Grwbhr ^nd P Ob ihnfi* i cvpmaua 1377^ , J H Andrew and co- 
woiku* 141< » , B Gam 1330 and F Schonert, 13^0" A& indicated above, 

G Claudion showed thit furous oxide is unstable below 370 , decomposing m 
aceoid with IFeO^Fe^O^Fe, and the t hernial \alue of the reaction at 570° is 
4 06 13 C i 1 * L "Wohler and R Gunther observed that the reaction is \erv slow 
it 53u m \acuo, for only >n per ctnt decomposed m 3 da}S G Chandron and 
H Forestn i <aid that the reaction begin* a* 300° and attains a maximum speed 
at 4 Q 0 The dissociation pressure of ferrous oxide has not been measured directl) 
The \ a^uts oi the dissociation press of the oxv gen calculated mdirecth are 8 9 X IQ” 22 
atm at727"b\H J \anRo\en, 4yl0~ 21 to 5xl0~ 21 atm at 727° by O Sackur, 
10-21 a t m at 727° by G (haudron, and 10~* atm at 1327° b> H le Chatelier 
H St\n ga\e log p—~l 6 for the dissociation press of 2FeO=2Fe-y0 2 —131,400 
cals L W ohler and R Gunther obtained 

600 800 1000 1200 1400 

p filler* 7 3x10 1 3 \ 1CT 17 3yl0- 14 6 3 X KT 1 * atm 

H \on Juptner calculated for the dissociation press of the oxygen, m 
2Fe0=2Fe+0 2 , log [0 2 ]= -28752^+1 75log T+2 8— tide infra, and values 
calculated from this equation are 

600 3000 1400 1800 2200 2400 

log[0] 0 0 40 5151 0 0_ 0 198b 0 0 1S 5869 0 0 7 3338 0 0*3803 0 0,5344 

A Matsubara gave log 28 752J~ 1 +1 791og T-j-13 427, and O C RaLton 
log p=2 76— 26750I T “ 1 +0 9461og T+0 00072r 2 -0 0 6 1616J 3 The dissociation 
press approaches 1 atm at about 4000° No confidence can be given to extra- 
polation at such high temp from equations derived from data collected at 
about 1000° The dissociation press of ferrous oxide at room temp is of the order 
10~ 42 atm Observations on the subject were made by N Parra\ ano and G Malquon, 
E Baur and A Giassner, L W’obler and O Balz, K Hofmann, E Schiemer and 
F B Gnmnes, A McCance, G Chat dron F Wust and P Rutten, and A B Lamb 
C H Herty and co-workers estimated that the melting-point is not far above 
1335° , P Oberhoffer and O \on Keil gave 1390° , and D W Murph} and co- 
workers obtained 1360°il0°, and found that the oxide is stable above and below 
its m p when it has a constant lattice parameter of 4 289 A The heat of fusion is 
28 Cals per grm , or 5 Cals per mol 

J Thomsen gave for the heat of formation, [Fe,0], 68 3 Cals , H le Chatelier, 
64 6 Cals , O Ruff and E Gersten, 60 4 , G H Brodie and co-workers, 63 56 
Cals , M Tigerschiold, 66 3 Cals , W A Roth and co workers, 64 25 Cals 
J Jermiioff, 66 713 Cals , W D Treadwell, 66 6 Cals at 1000°, or 68 6 Cals at 25° , 
L Wohler and R Gunther, 63 35 Cals , H \ on Juptner, 65 7 Cals , W G Mixter, 
64 3 Cals , H J van Royen, 65 891 Cals , E D Eastman, 63 73 Cals , O Doepke, 
68 00 Cals , and E Baur and A Giassner, 67 35 Cals at 680° and at a constant 
press P A Favre and J T Silbermann’s value is too low The results by 
W D Treadwell were calculated from the e m f , 0040 \olt, of the cell Fe,FeO 
electrolyte 0 2 ,Ag with fused glass or borax as the electrolyte at 800° to 1193° , and 
those of M Tigerschiold, and L Wohler and R Gunther, from the equilibrium 
data of the system Fe0-|-H2v^H20-rFe Observations were also made by 
M Berthelot, and A McCance, whilst E Baur and A Giassner said that there is a 
minimum value at 680° The best representative value approximates 64 Cals 
at 25°, per mol FeO W A Roth and co-workers gave Fe0+Fe 2 03=Fe 3 04+7 0 
Cals , and 2Fe0+Si0 2 (quartz) =Fe 2 Si0 4 +8 1 Cals J Thomsen gave for the 
heat of hydration (Fe,0,Aq ) 68 9 Cals , or (Fe,0,H 2 0), 68 28 Cals , and foi the 
heat of neutralization in acids 10 7 Cals m iV^-HCl , 9 9 Cals in 2V- OH3 COOH , 
125 Cals in tf-H 2 S0 4 , 50 Cals m N-H 2 C0 3 , and 73 Cals m N H 2 S 
Observations were made by M Berthelot E Petersen gave 13 265 Cals for 
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lijdiofluoric aud E D Eastman calculated for the free energy of fenous 
oxide 

600 700 800 900 1000 

Free energy —49,700 —48,075 —46,445 —44,840 —43,255 cals 

O Sackur, G Bodlander, H J van Royen, E Baur and A Glassner, and G Beck 
studied the subject P Wust and P Rutten gave —49,000 cals at about 600° 
43,000 cals at about 900° , and 31,000 cals at about 1500° W J Sweeney gave 
—120 92 Cals for the free energy of formation of Fe(0H) 2 from its elements , and 
W G Whitman and co-workers, —57,200 cals G N Lewis and M Randall and 
O C Ralston gave free energy =—61,250+0 94T logT+0 00165T—0 0J377 13 
+6 82T~ 1 , and this gives —57,472 cals at room temp , and —42,083 cals at 1000° 
J Chipman gave for the free energy, between 1550° and 1770°, of the reaction 
FeO+H 2 =Fe+H 2 0, where log jS:=6200T~i-3 28, SF=— 28400 +15T, and for 
the reaction Fe+£0 2 =Fe0, —31200—1 0 T The entropy of formation ealeu 
lated for Fe+^0 2 =FeO is —21 3 Cals , and for the absolute entropy of ferrous 
oxide 10 01 cals per degree , R W Millar and J D Sullivan gave 12 7 cals per 
degree at 25° K K Kelley, and G Beck studied the subject 

The effect of ferrous oxide on the transmission of light of short wave length 
by glass is discussed m connection with ferric oxide G A Dima said that the 
photoelectric effect with ferrous oxide is greater than it is with ferric oxide 
W A Douglas Rudge found that the powdered oxide acquires a negative charge 
when it is agitated m air O Kresta fonnd that the compressed powder at 49 8° 
has an electrical conductivity of 0 00133 mho G Tammann and F Westerhold 
made observations on the subject A B Lamb calculated that an oxygen electrode 
and an iron electrode plunged m a sat soln of ferrous hydroxide would give zero 
electromotive force when the press of the oxygen over the oxygen electrode is 

4 4xl0- 90 atm With the oxygen at atm press , the e m f of the cell would be 
2?=0 014751og 8X1088=1 279 volt, that of the cell Fe|Jf-Fe (135X1Q-* 
M- Fe j Fe, — 0 144 volt , and that of the cell 0 2a tm | M OH' 1 2 7 x 10- 6 Jf-OH 1 0 2atni , 
0 269 volt E Baur and co-workers measured the emf of cells FeO,Fe (fused 
borax, glass or porcelam), Cu0,Cu 2 0 at 700° to 1300° , and W D Treadwell, of 
the cell Fe,FeO(electrolyte of fused glass), 0 2 ,Ag, and found 1 040 volts between 
800° and 1193° For W D Treadwell’s cell, vide supra 

800 875 ° 940 1000 1100 ° 1180 

Emf 1 081 1 071 1 048 1 040 1 018 0 978 volts 

and 1 06 volts was obtained for the potential Fe FeO from the values obtained 
for the cell FeO,Fe J electrolyte ] Cu0,Cu 2 0 Observations were also made by 
G Chaudron, and E Baur and A Glassner G Schmidt, H Debray, G Lepetit, 

5 Hilpert and J Beyer, S Hilpert, S Veil, and R W G Wyckoff and E D Cut 
tenden said that ferrous oxide is practically non-magnetic H Moissan obtained 
a magnetic variety at a temp below 600°, and G Chaudron observed that this is 
because the ferrous oxide decomposes 4Fe0=Fe 8 0 4 +Fe at a temp between 
550 and 580 , and this is evidenced by observations on the magnetic behaviour 
J B Ferguson argued that since iron, feme oxide, and ferrosic oxide undergo 
magnetic changes at 790°, 678°, and 530° respectively, ferrous oxide might be 
expected to behave similarly Ferrous oxide containing ferrosic oxide was re 
duced to free iron and m the subsequent combination of the free iron the decrease 
in magnetic permeability did not correspond with the decrease in the free iron 
content of the sample No evidence was obtained of the existence of a magnetic 
form of ferrous oxide R W G Wyckoff and E D Crittenden said the upper limit 
a J? 6 magnetic susceptibility is 0 00052 mass unit Observations were made by 
b Meyer, and E F Heiroun and E Wilson A Brim said that the mineral lozite 
is magnetic 

The chemical properties of ferrous oxide — L Wohler and O Balz observed 
only three equilibria in the reduction of feme oxide with hydrogen, hr=[H20][H 2 ], 
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fox hi J.)$ io it O4, 7 3 it )3U to 17 U at *00 , ft a to FtO, 1 J at t>40 to 

3 07 i + 930 nal for itO to he, 0 b2 it 730 ana 0 02 it <190° P H Emmett and 
J I Mmltz found that the equilibrium constant, A of f hc reaction Fe0-*-H s 
— Fe— 1P.0 ib A=pe o Pb > and 

GOO 700 <*00 OGtJ 1000 

A 0 332 0 422 0 499 0 594 0 660 

The subject w is studied bv J Chipman, and bv E Schreiner and F B Grimnes — 
tide the blast furnace reactions For the temp at which tiie reaction l>tgm&, \id< 
supra H Moissan observed that m oxygen pvrophonc ferrous oxide bums to 
ferric oxide, but m consequence of the large e\ olution of heat, the temp of com- 
bustion is high, and ferrosic oxide is formed W Eitel discussed the reaction 
2Fe0*rJ02^Fe 2 0 3 According to L Wohler ard R Gunther finely divided 
ferrous oxide readily oxidizes at room temp , and w hen heated to 200° or 250°, 
it readilv bums m atm air, as indicated above, to form ferrosic oxide Observa- 
tions were also ihade by M Siewert, S Bimie, H Moissan, F Glaser, and S Hilperfc 
and J Bever A G Doroschev sk} and A Barat observtd that dry ferrous oxide 
does not oxidize m dn air at ordinary temp but *t is slowlv oxidized m moist air 
below 100° J Fcree found that the pyrophoric oxide oxidizes m air '‘t 330° to 
form ferrosic oxjde , H Debra} , and G Ti^sandier also observed the formation of 
ferrosic oxide when ferrous oxide is heated m air G Schikorr studied the action 
of hvdrated ferrous oxide on water — tide infra , the corrosion of iron H Moissan, 
and W Eitel observed that the reaction with steam can be svmbohzed 
3FeO+H 2 CMH 2 +Fe s O 4 +15,400 cals J Feree found that the pyrophoric oxide 
reacts with aerated water to form ferrosic oxide , and H Moissan, that the pyro- 
phoric oxide decomposes water slowly at ordinary temp and rapidly at 100° 
J Riban found that when ferrous oxide and water are heated m a sealed tube, 
ferrosic oxide is formed L J Thenard found that hydrogen dioxide oxidizes it 
to feme oxide A V Pamfiloff and N N Petm studied the influence of ferrous 
oxide on the liberation of iodine from an iodide by the action of hvdrogen dioxide , 
and as a result they concluded that the mechanism of the action of ferrous oxide, 
typical of inductors m general, is probably based on its spontaneous oxidation, 
and the retarding influence exerted on the reaction by acidit} is related to the 
great stability of ferrous 10ns m an acid soln 

Ferrous oxide dissolves m acids to form a well-defined senes of ferrous salts 
H Moissan observed that the pyrophonc oxide dissolves readily m dil acids 
H Moissan observed that fluorine does not act m the cold on ferrous oxide, but when 
gently warmed a reaction sets m with incandescence, and a skm of white fluonde 
is formed A Michael and A Murphy found that ferrous oxide reacts at —18° 
with chlorine dissolved in carbon tetrachloride 6FeO -t-3Cl 2 — 2Fe 2 0 3 +2FeCl 3 
R Weber observed that chlorine acts on ferrous oxide to form feme chlonde, and, 
according to H Schulze, a higher oxide is also produced R Wasmuht found that 
ferrous oxide alone reacts with chlorine at 150° L Mathesms found that ferrous 
oxide, prepared at 600°, is not attacked by an aq soln of bromine , and I L Bell, 
that the oxide prepared at a red-heat is not attacked by a cold aq soln of lodme 
H St C Deville found that ferrous oxide reacts slowly with hydrogen chloride, 
forming ferrous chlonde and ferrosic oxide L Wohler and R Gunther said that 
the oxide prepared at 700° or 800° is easily dissolved by dil hydrochloric acid , 
G Tissandier, that the oxide prepared at a red-heat dissolves easily m hydrochloric 
acid , R W G Wyckofi and E D Cnttenden, that the oxide prepared b} a fusion 
process dissolves very slowly m boiling hydrochloric acid 

According to D L Hammick, when ferrous oxide, prepared at 300°, is heated 
m sulphur dioxide, the mass becomes incandescent, and clouds of sulphur and 
sulphur tnoxide are formed, and the solid contains sulphide, feme oxide, and ferrous 
and feme sulphates A C Halferdahl calculated for the reaction 6Fe0+S0 2 
=2Fe 3 0 4 +JS2, the free energy —30,000 cals at 600°, and +4300 cals at 1400° , 
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foi 4Fe0+S0o=2Fe>0 3 +£S i , -14,700 cals at 600°, and +20,400 cals at 1400° 
rod for 7FeO+SO>-3Fe 2 0 3 +FeS, -29,300 cals at 600°, and (-29,400 cals’ 
at 1400° R W G Wyckoff and E D Cxittenden found that the oxide piepaied 
by the fusion process is almost insoluble in sulphuric acid , and N J Hanar 
observed that m 40 and 60 da}s, at 25°, sulphuric acid dissolved respectively 
67 205 and 95 045 mgrms of iron from ferrous oxide per 100 c c of soln 

S Hauser studied the reduction of ferrous oxide by ammonia F Haber ob^en ed 
that the oxidizing and reducing action of hydroxylamine may be illustrated by 
adding hydioxvlamme hydrochloride to a hot emulsion of fenous hydroxide 
precipitated by means of sodium hydroxide The greenish mass lapidly becomes 
i eddish brown, owing to the oxidation of the hydroxide If now the liquid be 
acidified and a fresh quantity of hydrow lamme hydroehlonde added, the lattei 
acts as a reducing agent, and rapidb con'v ei ts the feme into ferrous salt, the change 
being rendered evident by the disappearance of the yellow colour A Snnts found 
that magnesium nitride reacts vigorously with ferrous oxide , and O Meyei likewise 
found that titanium nitride ib vigorously attacked by ferrous oxide at a high temp 
L Santi said that a soin of ammonium chlonde converts ferrous oxide into chloride 
with the evolution of ammonia , and H Moissan also observed that ferrous oxide 
liberates ammonia from the ammonium salts, but S Hilpert and J Beyer did not 
agree H Moissan found that when the pyrophoric oxide is gently warmed with 
mtnc oxide, ferric oxide is produced, and similarly with nitrogen dioxide , whilst 
with mtnc acid the pyrophoric oxide becomes incandescent H Debray found 
that ferrous oxide prepared at a red heat dissolves m mtnc acid with the evolution 
of nitrous fumes, ind G Tissardiei also observed that the oxide prepared at a red 
heat dissolves m mtnc acid H Schackmann and Y Kringb represented the 
action of phosphorus by 5FeCM 2P+P 2 0 5 +5Fe, and by 8FeO +2P^(Fe0) 3 P 2 0 6 
+5Fe, and W Knngs and H Schackmann, the action of iron phosphide, by 
8FeO -r 2Fe 3 P^(Fe0) 3 P 2 0 5 + HFe 

Y Falcke and co-workers observed that when feiroub oxide is heated with 
purified carbon, no reaction occurs below 650°, but above this temp , reduction 
occurs The speed of the reaction depends upon the form of carbon employed , 
thus, sugar-charcoal is relatively inert, for it does not begin to leact until about 
800°, whereas carbon obtained by burning acetylene in chlorine begins to react 
at 650° W BauHoh and R Durrer observed that fenous oxide is reduced by 
carbon only above 700°, and the rate of the reaction is the same as that at which 
carbon diffuses through iron, showing that the reaction proceeds from the surface 
mwards N Parravano and G Malquon gave for the gas reaction 2FeO+C 
■=2Fe+C0 2 , log fco =4 95 Observations were made by J R Cam and L Alder, 
H Nippert, and R Schenck and co-workers — vide sup a, and also infra, magnetite 
A L Feild assumed that the equilibrium constant K of the reaction FeO+C 
^Fe+CO m molten steel is of the order K—0 010, where K—xy, when x denotes 
the percentage weight of carbon and y that of iron oxide It is assumed that the 
mass of the iron is constant, and that the press of the carbon monoxide is a constant 
and equal to one atmosphere C H Herty at first gave 0 040, but later 0 016 
A B Kinzel and J J Egan obtained K—0 0005 at 1550° O Meyer observed that 
ferrous oxide is attacked by carbides — e g silicon, chromium, and molybdenum — at 
1500° O Houghton said that the reaction with silicon carbide begins at 1300° 
The reaction was studied by E H Schulz and A Kanz R Akermann and 
0 G JSamstrom observed that a mixture of carbon monoxide and dioxide (10 4) 
reduces ferrous oxide at 850 ° — vide supra for the reducing action of carbon monoxide 
The mean of A C Halferdahl’s values for the free energy of the reaction FeO+CO 
=Fe+C0 2 , can be represented by —63 265+16 279 Y, and <the value at 25°, is 
— 58,410 cals H Moissan, and W Eitel discussed the reaction between carbon 

dioxide and pyrophoric ferrous oxide 3 Fe 0 +C 0 2 ^Fe 304 +C 0 , or 2Fe0+C0 2 
T^Fe 2 0 s +C0 N J Harrar found the amounts of ferrous oxide, expressed in 
millig rams Fe per 100 c c of soln , at 25°, dissolved in 40 and 60 days by formic acid 
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to Ik r^pectiveH 5 792 and h 337 acetic acid,n 33”) lud 0 491 propionic acid, 
0 149 and 0 45b oxalic acid, 42 >23 and 12 993 , malomc acid, 31 734 and 47 451 , 
succinic acid, < » 794 and 0 97 3 lactic acid, 12 398 and 1 3 871 , tartanc acid, 14 022 
and 28 0t4 citnc acid, 31 122 ai d 12 22b benzoic acid, 2 022 and 2 148 , and 
salicylic acid, 14 b27 and 11 933 H Moi^an obs'uwed that terror oxide which has 
been heated to 1000 doe> not di*sol\e in dil acetic acid M Juschkewitsch found 
that ferrous oxide di^&ohes \er\ slowly m a 7 per cent <*oln of potassium cyanide 
at ordinary temp A G Dorosche\ sky and A Bardt found tint alcohol yapour is 
oxidized to aldehyde m the presence of ferrous oxide , and P Sabatier discussed 
ferrous oxide as a catahtic agent m organic chemistry C H Herty lound that the 
deoxidation of iron by silicon proceeds Si-J-2Fe0r=*Si0 2 -*-2Fe and when the metal is 
saturated with silica, Z=[Sij[FeO] 2 , or A =1 49 / 10 -* G Timmann and G Batz 
observ ed that ferrous oxide reacts exothermallv with quartz at about 700° or 800°, 
and with precipitated and calcined silica, at 800° M Huger ob«ery ed no combina- 
tion with silica between 900° and 1200° N L Bowen and J F Schairer and 
F Sauerwald and W Hummitzsch studied the FeO-Si0 2 system R Saeh^se and 
A Becker found that ferrous oxide opens up the silicates by rendering them 
susceptible to attack by analytical reagents G Rauter ohser\ed that when 
ferrous oxide is heated with silicon tetrachloride m a sealed tube ferrous chlonde 
and ferric oxide are formed P Ramdohr studied the system with titanic oxide 
Fe0-Fe 2 0 3 -Ti0 2 F Halla noted the formation of the spinel ferrous titamte, 
FeO Ti 2 O s , at 1000 ° , the lattice parameter of this salt is a =8 47 A , and the 
sp gr 4 68 

P Oberhoffer represented equilibrium conditions of the reaction with manganese, 
FeO+Mn^Fe+MnO, by the curve Fig 505 Observ ations on the subject were 
made by H le Chateher, R Schenck, H Styn, A McCanee, W Krmgs and 
H Schackmann, H Giersch, and C H Herty W Krmgs and H bchachmann 
found that the equihbrmm constant A=[Mn][FeOi ; [Fe][MnO] is 0 0032 at 1550° 
to 1560° B Garre found that the reaction with magnesium begins at 575° and 
78 2 Cals of heat are evohed G L Clark and co workers found ferrous 
aluminate is of the special type with unit cell 
haying the parameter < 2=8 119 A, and ferrous 
chromite, with a =8 344 A — vide alummates and 
chromites H zur Strassen ga\e for the action 
of nickel Fe+ NiO==FeO-t-Ni 4-6 4 to 14 2 Cals 
W Jander and H Senf studied the reaction 
F Sauerwald and \\ Hummitzsch studied the 
system with calcium oxide F de Carlo found 
that lead dioxide conyerts ferrous oxide at 250° 
to 300° into a higher oxide The miscibility of 
ferrous oxide with iron has been previously dis- 
cussed , and its miscibility with ferrosic oxide is discussed m connection with 
the last named oxide P Oberhoffer and O von Keil determined the m p of 
some mixtures of manganous oxide and ferrous oxide They found 

FeO 100 75 50 25 0 per cent 

Melting points 1390° 1470° 1513° 1650° (1700°) 

0 Benedicks and H Lofquist ha\e constructed a proyisional equilibrium diagram 
on the basis of these meagre data , and from the work of M Matweeff, and 
P Oberhoffer and K d Huart, it is assumed that complete mscibihtj occurs m 
the liquid state F Sauerwald and W Hummitzsch studied the reaction 
C Benedicks and H Lofquist also constructed a proyisional tquilibnum diagram 
of the ternary system Mn-Fe-0 According to G Tammann and F Westerhold, 
ferrous oxide reacts when heated with molybdenum tnoxide to fofm ferrous 
molybdate , and with tungsten trioxide to form ferrous tungstate G Tammann 
and W Rosenthal studied the action of ferrous oxide on uranium tnoxide , 



Fig 505 — Equilibrium Diagram 
of the System FeO-MnO 
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V Lepiarczyk, its action on calcium sulphide, and on calcium sulphate , and 
C Montemartmi and A Vemazza, its action on soln of chromic sulphate 
Ferrous hydroxide, or hydrated ferrous oxide — A F de Fourcroy observed 
that green jnecipites martiaux is formed when caustic alkalies aie added to 
soln of iron m acids The precipitate was examined by G F Rouelle, C W Scheele, 
J L Proust, J L Gay Lussac, M Darso, C F Bucholz, and J J Berzelius’ 
L J Thenard obtained a white precipitate under similar conditions, and for a time 
it came to he called Thenard 9 s white oxide L J Thenard’s idea that the precipitate 
obtained by the addition of alkali-lye to a soln of a ferrous salt is a peculiar oxide 
was shown to be wrong by J L Proust, C F Bucholz, and J J Berzelius , M Darso, 
C F Bucholz, and T Thomson regarded it as a basic sulphate J L Proust’ 
H Davy, and J J Berzelius at first considered the white or green precipitate to be 
a hydrate of ferrosic oxide, but later, J J Berzelius showed that it is a monohydrate 
of ferrous oxide, FeO H 2 0, or ferrous hydroxide, Fe(OH) 2 According to F Hart, 
an impure dihydrate, FeO 2H 2 0, occurs m the clay near Cuxhaven, m hard, yellowish 
brown lumps which crumble on exposure to air 

The formation and preparation of ferrous hydroxide — According to A Acker 
mann, A Bmeau, H Wolblmg, R Stumper, W R Dunstan apd J R Hill, 
JAN Friend, F W Durkee, W G Whitman and co workers, and W A Tilden’ 
ferrous hydroxide is formed as an intermediate stage m the rusting of iron , and 
when iron is in contact with aerated waters, or waters contaimng carbonic or 
sulphuric acid A Kaufmann observed that it is formed m green flecks when iron 
or solid ferrous salts are kept m contact with a sat soln of ammonium nitrate 
P de Clermont and J Frommel showed that ferrous hydroxide is produced by the 
action of boiling water on ferrous sulphide 0 Baudisch and co-workers found 
that the hydroxide is produced m the hydrolysis of ferrous hydrocatbonate , R Fink , 
by treating a soln of ferrous sulphate with basic copper sulphate , D Vitali, by the 
action of silver oxide on a soln of ferrous nitrate , and G Kassner, by the action 
of potassium hydroxide on a soln of ferrous cyamde, or, according to S U Pickenng, 
on ferrous tartrate 0 ‘Baudisch and L W Bass found that white, glistening 
crystals are formed when an alkaline normal soln of potassium ferrocyamde, free 
from oxygen, is exposed for some hours to sunlight , and M Volmar found that 
ferrous hydroxide and tartrate are produced when a soln of potassium ferrous 


tartrate is exposed to ultra-violet rays 

H E Patten and G H Mains found that hydrated ferrous oxide is pre 
cipitated by ammonia or sodium hydroxide when the H -ion cone is _p H — 5 5 to 6 0 
^ Observations were also made by J H Hildebrand 
H T S Britton found that m the electrometric 
rtpZZZZjLZ^sl titration of 100 c c of 0 025Af-FeSO 4 , with 0 09902V 
^ qj_ ^ NaOH, the results shown in Fig 506 were obtained 

* q ^Am^Ll7ne^ /o l | Precipitation began when 0 8 cc of the alkali soln 
q A 1 I 1 1 1 C had been added, and when the H-ion cone was 
0 10 Pk—5 49 , and it was complete when 171 eq of 
cc of 0 OSdOtf-HaOH alkali had been added S U Pickermg observed 

Fig 606 -—Electrometric Ti that complete precipitation had taken place from 
rousSuIphate Utl0nS ° f ^ * errous sulphate soln at the point where they became 
alkaline to phenolphthalem, and this was when sodium 
hydroxide had been added in amounts which varied from 1 77 to 1 86 eq He con- 
sidered this sufficient justification for the assertion that the precipitate was a definite 
basic salt, lOFeO SO s H T S Britton found that precipitation usually occurs 
somewhere near the point of the first inflexion, although often at a p# which was 
a little less than that at which the mam precipitation took place This was probably 
due to the precipitate having been formed at a pomt m the liquid where the pre- 
cipitation value of ps. had been temporarily exceeded, and time not having been 
allowed for its re-solution If, therefore, the two straight portions of the curve 
be produced, it is probable that the pomt of intersection corresponds more nearly 
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+<> tliC amount ot alkali winch had to be added to produce incipient precipitation, 
ird aKo to the actual hvdrmn concentration at which precipitation under ideal 
conditions would commence This point represents the limiting conditions necessary 
to form a precipitate The cone of the metal ions is then p& =5 77, pos'—S 37 , 
and 0 6 c c 0 099CLY NaOHare required and Cp € =3 Ox IfM, so that iFe JOH'] 2 
=4 5xl0“ 23 — tide injrcty solubility product 

G Schmidt prepared ferrous hydroxide by mixing a soln of a ferrous salt, free 
from ferric salt, with soda h e or potash lye freed from air by boiling and performing 
the operation m a vessel from which air is excluded The v essel is filled with boiling 
water and closed The white flakes must be presen ed from contact with air during 
washing and drying The precipitate is allowed to settle and the liquid decanted 
with a syphon , the vessel is agam filled "with boiling water, poured m slowly so 
as not to disturb the precipitate, and afterwards shaken and closed This purifica- 
tion by alternate subsidence and decantation must be performed as quickly as 
possible, since hydrated ferrous hydroxide is decomposed b\ prolonged contact 
with water The pale green precipitate is then placed m a retort with ether vapour, 
and the beak of the retort dipped under mercurv Air is expelled by the ether as 
the retort is wanned, and the water is afterwards dnven off The product can be 
preserved m hydrogen out of contact with air If aq ammonia is employed m 
place of potash-lye, the precipitate after long standing gives off hydrogen and is 
converted into black ferrosic oxide containing adsorbed ammonia As commonly 
prepared, ferrous hydroxide is a bulky, greenish grey substance, very liable to 
oxidation to greenish-black hydrated ferrosic oxide and finally to red feme 
hydroxide According to E Divers and T Haga, if, after the precipitation, the 
supernatant mother liquor is poured off and solid potassium hydroxide dissolved 
m the remaining mother-liquor, the ferrous hydroxide diffused through it undergoes 
m the course of a few hours a very considerable diminution in voi , and then forms 
a pale greenish grey pulverulent precipitate, although the gelatinous precipitate 
may have been of a much darker colour This dense hydroxide is much more 
stable, and m oxidizing does not form the black hydroxide before becoming feme 
hydroxide According to E Deiss and G Schikorr, when gaseous ammonia is 
passed into a soln of ferrous chloride, completely protected from oxygen, a pure 
white pulverulent precipitate is obtained, resembling m appearance calcium 
hy droxide If the precipitate stands m contact with the mother-liquor for a long 
time, it may be partly peptized The precipitate is washed with air free water 
O Baudisch and P Mayer, and 0 Baudisch and L A Welo described a special 
apparatus for washing the precipitate while it is protected from air The precipitate 
was found by W E Dunstan and T S Dymond to retain ammonia very 
tenaciously, and they added that the precipitation is incomplete (peptization) 
The hydroxide was obtained by the ammonia precipitation by A Quartaroli and 
K Endell and R Rieke , the alkah-lye precipitation, by W R Dunstan and 
T S Dymond, 0 Baudisch and co-workers, J Woost, S Hilpert, A Krause, 
M Kuhara, G Schmidt, and E Deiss and G Schikorr , and milk-of-Iime, by 
W von Zorn, and W R Dunstan and T S Dymond A B de Schulten treated 
a soln of ferrous chloride with an excess of potassium hydroxide and heated the 
mixture for a long time m a current of coal gas , and on cooling the green soln , 
obtained the hydroxide m green hexagonal prisms 

L Brugnatelh, and R Saxon obtained the hydroxide electrolytically using iron 
as an anode R Lorenz used a platinum cathode, an iron plate as anode, and an 
aq soln of sodium chloride, sulphate, or nitrate as electrolyte The liquid was kept 
steed during the electrolysis H Buff, F Forster and co-workers, B la Croix 
von Langenheim, P Krassa, J Woost, C Monnet, R Kremann and J Lorber, 
M Tichwmsky , 0 Faust, 0 Pattenhausen, and M Roloff also obtained the 
hydroxide in an analogous manner H J M Creighton produced the rhythmic 
precipitation of ferrous hydroxide by passmg an electric current, of potential 
gradient 0 0093 volt, through a 2-m U tube containing in the horizontal part 10 per 
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cent agar-agar mixed with small quantities of phenolphthalem and soditim ehlond 
The ends were filled with a dil soln of sodium chloride, with iron nails as electrod B 
In a few days’ time gieen discs of ferrous hydroxide appealed separated from o 
another by a pink jelly ne 

E Deiss and G SchiLorr precipitated white ferrous hy dioxide from a soln f 
ferrous chloride by means of ammonia gas, and then by repeated centrifugal 
separation washed the precipitate with an -free water until it formed a hydrosol of 
ferrous hydroxide A Sehmauss also obtained the hydrosol by electucal splutte 
mg of iron wires under water contammg a little gelatin m soln E Deiss and 
G Schikorx found that the soln is colourless by reflected light and red by trans 
mitted light The concentration is about 4 grms per litre, and it cannot be kent 
longer than 6 days without flocculation The particles are positively charged 
and are flocculated by electrolytes A Schmauss’s sol is green and unstable * 
it becomes yellow, by oxidation, on exposure to air The hydrosol is cataphoretic 
and it is flocculated by the positively charged hydrosol of ferric hydroxide The 
absorption spectrum shows bands from 496///* to 662/*/* 

The properties of ferrous hydroxide —The diied amorphous ferrous hydroxide 
is brittle, friable, and green J von Liebig and F Wohler said that the green 
colour is probably due to incipient oxidation A B de Schulten obtained the 
hydroxide m green hexagonal prisms by crystallization from a cone soln of 
sodium hydi oxide — vide sup a 0 Baudisch and co workers, E Deiss and 
G Schikorr, and M Kuhara obtained the white hydroxide by carefully excluding 
oxygen during its preparation According to G Natta and E Casazza, the crystal 
of ferrous hydroxide belong to the holohedral class of the rhombohedral system 
and X radiograms show that the crystals have a lattice structure like brucite* 
The elementary cell has one molecule, and the dimensions a— 3 24 A , and c=4 47 A 
so that the axial ratio a c—1 1 38 , and the calculated density is 3 40 H Seifert 
studied the subject G Natta discussed the isomorphism of the bivalent 
hydroxides from the point of view of the space-lattice, and the atomic radn 
J Thomsen gave for the heat of formation of the hydroxide (Fe,0,H 2 0)=68 28 
Cals , and M Berthelot, 69 00 Cals J Thomsen gave for the heat of neutralization 
of the hydroxide with sulphuric acid, 24 92 Cals , and with hydrochloric acid, 21 39 
Cals , and M Berthelot gave 21 4 Cals with dil hydrochloric acid J Thomsen 
found the heat of oxidation, Fe(OH) 2 ->Fe(OH) 3 , to be 27 29 Cals R Dallwitz 
Wegener discussed the free energy of the compound M Randall and M Frandsen 
gave —115 4 Cals for the free energy of formation of the hydroxide, and for 
Fe+2H 2 0=Fe(0H) 2 +H 2 , —2 28 Cals 

^ r A ^ son and E J Murphy studied the magneto-optic properties F Forster 
and V Herold gave —0 740 volt for the electrode potential of ferrous hydroxide 
against a hydrogen electrode at 20°, 0 Faust, -0 75 volt , and J Woostforthe 
electrode potential with 2 SoY-KOH, hydrogen electrode unity, —0 835 to —0 845 
volt at 0° , -0 825 to -0 840 volt at 20° , -0 820 to -0 835 volt at 50° , and 
—0 80 volt at 75° O Pattenhausen said that fenous hydroxide shows two 
potentials namely , -0 66 volt, and -0 55 to -0 53 volt— corresponding with 
two difierent stages m the hydration of feirous oxide at ordinary temp and with a 
current of 0 07 ampere S Miyamoto found the electric potentials of cells with 
2V-, 2 N 4Y , ^ soln at 25° using platinized platinum In 

n ° H)2 ’ I ’ es ° 4 ? H *° I Na0H i H gO.NaOH | Hg the potential 

1=2 Si s C > 0E * m f cel1 Pt I NaOH I HgO.NaOH | Hg 
tT niwrnW £ g ° mbn ’ and Wlth 1111 Pt|N\OH,Pe(OH) 2 ,Fe 3 0 4 
wHaOjNaOHjHa.Pt, B = 0 1240+0 00332 log C\ aOH -0 0015 log C" Na oH S Hilpeit, 

^ J°V le6l S and P Wohler said that fenous hydroxide is non magnetic 
A Quartaroli gave ^=30 x 10~« to 60 x 10~« for the magnetic susceptibility of the 
nyaroxide precipitated by aq ammonia , and y=20 < ] 0-° to 30 X 1 0-6 mass unit 
Observations were also made by G Wiedemann 

meau prepared a soln of ferrous hydroxide by moans of non and purified 
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watei, bhghtl) aerated, and found that the solubility is such that one part of fenous 
hydroxide dissoh e& in 150,000 parts of water, or 7 5 X 10~ 5 mol per litre, 
W G Whitman and co workers ga\e 6 7 x 10~ 5 mol per hire, a value higher 
than that for ferric hydroxide E Muller and F Kapeller calculated from the 
feme ferrous potential the solubility product [Fe ][OH'j 2 =l 69X10- 1 *, and the 
solubility was calculated to be 1 6xl0~ o , H T S Bntton obtamed -tSxlO^ 21 
for the solubilit} product — vide bupia B Schrager calculated for [Fe ][OH'] 2 , 

7 x 10~ 13 Ferrous hydroxide shows amphotenc qualities, for it dissolves slightly 
as an acid m aq soln of sodium hydroxide owmg to the reaction Fe(OH)j+OH' 
->Fe(OH)' 3 , where K==[Fe(OH)' s ]/[OH']==5xlO~ 5 P Krassa calculated, from 
the ferrous ion concentration m 20 per cent potash lye, the solubihty product 

8 7 X 10~ 14 , and the solubility was calculated to be 2 8xl0~ 5 , J W Shipley and 
I R McHaffie calculated from the rate of corrosion of iron 3 9 X 10“ 15 , and the 
solubihty was calculated to be 1 x 10“ 5 mol per litre , and A B Lamb found, 
by conducts lty methods, the cone of the ferrous ion m a c at soln of ferrous 
hydroxide to be 1 35 X 10~ 5 G Bodlander’s values 2 5 X 10“ 21 for the solubility 
product, and 1 7 x 10“ 7 for the solubihty m gram-equivalents per litre are not in 
good agreement with the others W G Whitman and co-workers found 3 75 parts 
of iron per million, or 6 7 X 10~ 5 mois of ferrous hydroxide per litre for the solubility 
The H -ion concentration of the soln is represented by Ph= 9 6, or [0H']==4xl0 1 ' 6 
and [Fe ]=2xl0~ 5 The degree of ionization m a sat soln where pn—9 6 at 
25° Fe /Fe(OH) 2 is 30 per cent , when ph== 9 2, 29 per cent , and Ph = 8 2, 24 
percent The ionization constant [Fe ][0H'] 2 /[Fe(0H) 2 ] is 6 8x10"* for the sat 
soln at 25° , and for soln with ph= 9 2 6 Ox 10- 10 , and for ph= 8 2, 1 15 X 10“ 10 
S Veil, and O Baudisch and L A Welo studied the magnetic properties of the 
hydroxide 

The white hydroxide rapidly becomes green on exposure to air, then black 
owing to the formation of hydrated ferrosic oxide, and finally reddish brown 
owmg to the production of hydrated feme oxide These changes were discussed by 
L J Thenard, O Baudisch and co-workers, J J Berzelius, C F Buchoiz, M Darso, 
H Davy, E Divers and T Haga, 0 Faust P Fireman, and J von Liebig and 
F Wohler A B de Schulten observed that even after the crystals have been 
washed with alcohol, and ether, and dried out of contact with air, they oxidize 
immediately on exposure to oxygen, developmg much heat, and yielding feme 
oxide According to G Schmidt, if the moist h> droxide be exposed to air, it quickly 
forms dingy green hydrated ferrosic oxide, and then \ ellowish brown hydrated 
feme oxide , but if the dried amorphous hydroxide be exposed to air, it is instantly 
converted into feme oxide, and the change is attended by an evolution of heat, 
which often makes the mass red-hot If the liquid m which the white flakes of 
hydroxide have been precipitated is boiled, the colour becomes black, due, said 
J von Liebig and F Wohler, to the formation of ferrosic oxide by the action of 
the air R G Knowland recommended ferrous hydroxide as an agent for remo\ mg 
dissolved oxygen from water A A Bonnema showed that ferrous oxide or 
hydroxide form nitnte on exposure to air 

As just indicated, ferrous hydroxide readily oxidizes when exposed to air, but 
only under certain conditions does the end-product correspond with feme hydroxide 
P Fireman observed that the colour of the product vanes from yellow to brown 
to black according to the proportion of feme hydroxide produced, and A Krause 
showed that the colour of the oxidation product is darker the greater the proportion 
of contained ferrous hydroxide S Miyamoto found that the rate of oxidation is 
reduced by the presence of alkalies , and that the coeff , of the rate of oxidation 
of ferrous hydroxide suspended m soda-lye is independent of the quantity of 
ferrous hydroxide present, and its value is identical with that for the oxidation of 
sodium sulphite and stannous hydroxide in alkaline soln The value of h is only 
slightly affected by temp , but decreases with increasing concentration of sodium 
hydroxide, since the velocity is probably determined by the speed of dissolution 

\ol xm 3 a 
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of oxygen, which is decreased b} the sodium hydroxide On the other hand, 
A Kiause found that the speed of oxidation is greatly favoured by a use of temp 
W Gluud and W Biese observed the rate of oxidation of suspensions of ferrous 
hydroxide m \anous solutions by a current of air In soln of sodium or ammonium 
hydrogen carbonate increase of alkalinity favours oxidation of ferrous hydroxide 
With the former, however, increase of salt concentration reduces the oxidation 
rate The addition of sodium sulphate or other neutral salt renders it more difficult 
to remove the carbon dioxide by air blow mg the sodium hydrogen carbonate soln 
Ammonium sulphate facilitates the removal of both carbon dioxide and ammonia 
S Miyamoto also showed that sodium hydroxide retards the oxidation, even 
though the reducmg power of ferrous hydroxide increases with the cone of HO'-ions , 
and A Krause observed that ferrous hydroxide is oxidized to ferric hydroxide only 
when the alkali present does not exceed the mol ratio NaOH FeS0 4 =l 1 , if 
more alkali be present, the oxidation of the ferrous hydroxide by air is incomplete , 
and this the more the higher the proportion of alkali, but the mol ratio of ferrous 
to ferric hydroxide does not exceed EeO Pe 2 0 3 =0 3 1 The water content of 
the dried product decreases with increasing proportions of ferrous hydroxide 
The oxidation of ferrous hydroxide by air is dependent on the H -ion cone of the 
liquor from which it is precipitated Reddish yellow metafernc hydroxide or 
ferroferrite may be formed The iso electric point of hydrated metafernc oxide, 
corresponding with an air dried product Fe 2 0 3 2H 2 0, is Ph= 5 2 If the p# is 
greater than 5 2, (Fe 2 0 3 aq )' is formed , with ps less than 5 2, (Fe 2 0 3 aq ) is formed , 
and with ps less than 0 3, the ferrous salt is stable m air The oxidation of ferrous 
hydroxide to a ferrous ferrite, when the ps is greater than 5 2, is shown by oxidizing 
ferrous hydroxide in the presence of magnesium hydroxide, for then the oxidation 
to magnesium fernte is complete Hydrated metafernc hydroxide differs m 
chemical and physical properties from orthoferric oxide with an isotectic pomt 
of PH—? 7 E Deiss and G Schikorr also considered that a ferrous ferrite is formed 
as an intermediate stage m the reaction The production of an intermediate peroxide 
of the type Fe0 2 (0H) 2 was discussed by W Manchot and H Schmid, G Just, 
C Sandonmm, and 0 Baudisch and co workers According to C Sandonnmi, 
black ferrite is formed when a dil suspension of the ferrous hydroxide is boiled m 
presence of air, or at the ordinary temp when the hydroxide is protected by a deep 
layer of water In the presence of chromic or aluminium hydroxides, however, no 
ferrite is formed even under these conditions In an atmosphere of pure oxygen 
ferrous hydroxide is oxidized practically quantitatively to feme hydroxide A 
suspension of ferrous hydroxide m water which has been boiled for a long time m 
an atmosphere of hydrogen is oxidized directly to ferric hydroxide when subjected 
to the conditions which normally would give the black fernte W Manchot, and 
W Manchot and F Glaser said that during the oxidation of ferrous hydroxide 
some oxygen is activated, and is taken up by an acceptor — say arsemous acid 
N R Dhar found that the oxidation of ferrous hydroxide can be induced by the 
presence of a number of organic and inorganic substances Ferrous hydroxide, 
precipitated by hydrolysis or by the action of hydroxyl ions from a soln of 
ferrous hydrogen carbonate reacts in the nascent state with molecular oxygen 
to form a compound exhibiting a very high oxidation and reduction potential 
Wnh the oxidation process as a primary reaction, there are the oxidation of 
potassium oxalate and of nickel hydroxide as secondary reactions 

For the chemical action of ferrous hydroxide on water, vide mfia , ferrous chloride 
A Bmeau said that the aq soln of ferrous hydroxide rapidly becomes turbid on 
exposure to air , and, according to J von Liebig and F Wohler, and G Schmidt, 
ferrous hydroxide can decompose water, slowly m the cold, and rapidly when 
heated 0 Baudisch and L A Welo, E Deiss and G Schikorr, and W Traube 
and W Lange said that ferrous hydroxide remains unchanged when kept in contact 
with air-free water, and E Deiss and G Schikorr added that the oxidizing action 
reported by G Schmidt is due to thfe action of dissolved oxygen from the air If 
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reducing agents be present, W B Dunstan and T S Dymond, and W Manchot 
found that the water may be decomposed by the h^ droxide , for example, W Traube 
and W Lange observed that m the presence of a trace of palladious chloride, there 
is a slow development of hydrogen, and black ferrosic oxide is formed E Berl 
and F van Taack observed that when heated with water in a bomb, under press , 
black ferrosic oxide is formed and hydrogen is evolved 

The dehydration curve obtained by G F Huttig and H Moldner for white 
hydrated ferrous oxide is derived from the data for FeO wH 2 0 

114 220 228 230 234 261 270 277 336 

n 1 018 0 933 0 858 0 773 0 697 0 621 0 536 0 463 0 382 

As the reaction FeO HgO— ^FeO+HgO proceeds, the colour becomes black There 
is also a side reaction 3(FeO H 2 O)— >Feg 04 -|- 2 H 204 ’Ho The X radiogra ms are 
indicated m Fig 507 

A B de Schulten said that ferrous hydroxide is readily soluble in soln of the 
alkali hydroxides, and also m aq ammonia, so that ferrous hydroxide is not com- 
pletely precipitated from 
soln of ferrous salts by am- ~ 

momum hydroxide, even in *-l 

the presence of ammonium IL 

chloride If the soln of 

ferrous hydroxide m these 

menstrua be exposed to an 

or oxygen, the ferrous hy 
droxide is rapidly converted 

into hydrated ferric oxide 

On the other hand, E De^ss , 

and G Schikorr, and O Bau- 
disch said that the hydroxide — p- 
is insoluble m sodium and Oil 

thSe^Uegefsdublhtyw 507 ~ X radK,grams of some Hydrated Iron Oxides 

a case of peptization to form a hydrosol S H Carsley found that ferrous 
hydroxide is partially peptized by boiling it with cone alkah-lye The rate of 
settling of hydrated ferrous oxide m neutral and dil alkali soln is greatly 
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Normality of solutions 

Figs 508 to 510 — The Solubility of Ferrous Hydroxide m Various Solutions 


increased by boiling, owing, it is supposed, to the partial dehydration and 
coagulation of the particles According to W G Whitman and co workers, the 
solubilities of ferrous hydroxide m various salt solutions — calcium, sodium, 
ammonium, and magnesium chlorides, and m sodium sulphate, chromate, 
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diclii ornate, silicate, and liydioxide — are indicated in Figs 508 to 510 The diffei 
ence m the results fox anhjdrous calcium chloride and its hexahydrate is attributed 
to the presence of a small amount of calcium oxide m the former It was found that 
the rates of corrosion of iron by these salt soln are parallel with the solubilities of 
ferrous hydroxide in these soln , and this is taken to be m agreement with the 
colloidal theory of corrosion discussed by J A N Friend According to G Pellini 
and D Meneghim, ferrous hydroxide suspended m alcohol and treated at a low temp 
with hydrogen dioxide furnishes a mixture of ferric hydroxide, and iron peroxide 
A S Loevenhart and J H Kastle discussed the effect of inhibitors on the catalytic 
decomposition of hydrogen dioxide by ferrous hydroxide G Kassner observed 
that ferrous hydroxide is oxidized by sodium dioxide 

Ferrous hydroxide readily dissolves m acids, forming the respective ferrous 
salts , and, according to G Schmidt, much heat is evolved E Petersen observed 
that ferrous hydroxide is soluble m hydrochloric acid, and J Lefort, that it is 
soluble m hydrochloric acid W van Wullen Scholten found that fenous hydroxide 
is oxidized by alkali hypochlorites, C W Hempel, that iodic acid is reduced , and 
B Sjollema, and E Weitz and H Muller, that m boding soln m the absence of 
free alkali, potassium perchlorate is reduced quantitatively by ferrous hydroxide 
to form potassium chloride W Feld observed that ferrous hydroxide suspended 
m water is converted to ferrous sulphide by hydrogen sulphide J Lefort observed 
that the hydroxide is soluble m cone sulphuric acid 

M Darso, J L Gay Lussac, and G Schmidt considered that ferrous hydroxide 
is slightly soluble m aq ammonia, but this is probably a case of peptization to form 
the hydrosol H Becquerel said that the hydroxide is soluble m aq ammonia 
in the presence of ammonium salts, and this is attributed to the formation of complex 
ammines The action was studied by 0 Faust, E Deiss and G Schikorr, and 
Y Paissakowitsch Ferrous hydroxide generally acts as a reducing agent 
W R Dunstan and T S Dymond found that feebly alkaline soln of hydroxylanune 
are decomposed by ferrous hydroxide to form ammonia and a little nitrogen , and 
F Haber, C Kjellin, and A Kurtenacker and R Neusser showed that if an alkali lye 
or ammonia emulsion of ferrous hydroxide is employed, the yield of ammonia is 
almost quantitative On the other hand, E Ebler and E Schott found that with 
a cone soln of hydroxylanune, nitrogen and nitrous oxide are at first turbulently 
evolved, and only towards the end of the reaction is ammonia formed C Kjelkn 
found that y8 methyl hydroxylanune, /?-ethyl hydroxylanune, and /3-zso-propyl- 
hydroxylamme are reduced by ferrous hydroxide to the primary amines F Haber 
said that hydrazine is not attacked by ferrous hydroxide W R Dunstan and 
T S Dymond found that hypomtrous acid is slowly decomposed by ferrous 
hydroxide with the formation of nitrogen, but neither ammonia nor hydroxylanune 
is produced According to E Divers and T Haga, if mtnc oxide be passed into 
a soln of potassium hydroxide mixed with some ferrous hydroxide, feme oxide 
is formed, and the nitric oxide is largely converted into ammonia, but neither 
hydroxylanune nor alkali hypomtnte could be detected among the products of 
the reaction On the other hand, W R Dunstan and T 8 Dymond observed that 
m this reaction a little ammonia and no hydroxylamme are formed, but some 
hypomtnte, nitrogen, and a little nitrous oxide are produced In the absence of 
alkali, hypomtnte, ammonia, and hydroxylamme are not formed, but nitrogen 
and nitrous oxide appear In the presence of a cone soln of potassium hydroxide, 
ammonia, nitrogen, and nitrous oxide are formed, but no hypomtnte A Klemenc, 
H Reihlen and A von Friedolsheim, and 0 Baudisch and L A Welo also studied 
the reduction of mtnc oxide by ferrous hydroxide, and the formation of hydrated 
ferrosic oxide J Gay, and E Peligot found that nitrogen peroxide is reduced to 
mtrogen and nitrous oxide by ferrous hydroxide W von Zorn showed that freshly 
precipitated ferrous hydroxide energetically reduces sodium nitrite in aq soln , 
heat is evolved, and hypomtnte, ammonia, mtrogen, and nitrous oxide are formed 
E Divers and T Haga observed no hypomtrites m the products of the reaction , 
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but W R DunstanandT S Dymond said that the gas which is evolved is a mixture 
of nitrogen and nitrous oxide, and in the soln hyponitrites, but not hj drox} lannne, 
are foimed , if an excess of ferrous oxide is employed, mtrogen and ammonia are 
produced 0 Baudisch and co workers found that alkali nitrites are quantitatively 
reduced m the presence of an excess of ferrous hydroxide, %n statu nascendi, m neutral 
or alkaline soln , and m the absence of oxygen With boiling soln of alkali hydroxide, 
ammonia is the sole product , and with boilrng soln of alkali carbonate, ammonia 
and nitrous oxide are formed According to E Divers and T Haga, alkali mtntes 
yield much ammonia when treated with ferrous hydroxide m the presence of a 
soln of potassium hydroxide but no hydroxylamme, or hypomtnte, or any 
gaseous product is formed The reducing action was also studied by W von Zorn, 
and 6 Schikorr By this reaction S Miyamoto determined the mtntes m soln* 
as ammonia The velocity of reaction between potassium nitrite and ferrous 
hydroxide in alkaline soln was measured at 25°, 35°, and 45° When the initial 
concentration of the nitrite is very small compared with that of the alkali hydroxide, 
the velocity curve is lmear The velocity constant increases with the concentration 
of the alkali hydroxide, and is expressed by the. formula l—e?° 609-8098 zj 
p(l+0 79(7 koh) The velocity constant is increased 2 35 times for each rise m 
temp of 10° The presence of potassium sulphate m the system has no effect on 
the reaction velocity The speed of the reaction is too great for measurement at 
the b p , 108° A Thum said that the ferrous hydroxide is rapidly com erted to 
hydrated ferrosic oxide, and then slowly to hydrated ferric oxide F Kuhlmann, 
and W von Zorn observed that a warm, dil soln of potassium nitrate is reduced 
by ferrous hydroxide and ammonia is formed — mde supra S H Carsley observed 
that the reduction of the nitrate to ammonia is quantitative and the hydroxide 
forms the black magnetic ferrosic oxide, and instead of 8Fe(0H) 2 +NaN0 3 
=4Fe 2 0 3 +6H 2 0+Na0H+NH 3 , with the intermediate formation of Na[Fe(OH) 3 ], 
S H Carsley, and C Sandonnmi and S Bezzi prefer the equation 12Fe(OH) 2 
+NaN0 3 — 4Fe 3 O 4 4d0H 2 O+NaOH+NH 3 In dil , neutral soln , previously 

boiled ferrous hydroxide reduces the nitrate more slowly than does the freshly 
precipitated oxide owing to the dehydration and agglomeration of the hydrated 
ferrous oxide E Divers and T Haga found that alkali nitrates were not reduced , 
but W R Dunstan and T S Dymond said that a little ammonia, and a small 
quantity of a gas are produced , and with small proportions of potassium nitrate, 
the conversion to ammonia is complete The reaction was also studied by E Deiss 
and 6 Schikorr S Miyamoto found that the reduction of the nitrates does not 
proceed so easily as is the case with the nitrites, but that the reduction does occur 
m boiling soln , and it is quantitative, so that it can be employed for the determina- 
tion of nitrates m soln The velocity of reaction between potassium nitrate and 
ferrous hydroxide m alkaline soln was measured at 108° and 112 2°, the velocity 
constant bemg approximately 7 577xl0~ 3 (calc 7 726x10-3, 0 K oh 5 5394 mol 
per litre) and 2 331 X 10~ 2 (calc 2 326 X 10~ 2 , Ckoh 6 9541 mol per litre respec- 
tively) According to 0 Baudisch and co-workers, ferrous hydroxide in neutral 
or faintly alkaline soln is unable to reduce nitrates to mtntes , but the reduction 
takes place with the co-operation of atm oxygen Nascent ferrous hydroxide is 
far more powerful as a reducing agent than the freshly precipitated ferrous hydroxide 
towards mtntes It is assumed that ferrous hydroxide absorbs oxygen, forming 
ferrous perozyhydroxide [Fe(H 2 0) 6 ](0H) 2 f 0 2 =[Fe0 2 (H 2 0) 5 ](0H) 2 -fH 2 0, other- 
wise expressed Fe(0H) 2 +0 2 =Q^>Fe(0H) 2 The peroxide so formed, in virtue 

of its iron nucleus, has the power of activating the oxygen subsidiary valencies of 
othei substances and forming unstable compounds with them S H Carsley said 
that 0 Baudisch and co-woikers prepared their hydrated ferrous oxide at different 
temp , so that their results are complicated by differences m the degrees of agglo- 
meration of the hydrated oxide The effect of oxygen on hyrdated ferrous oxide 
is to form an unstable higher oxide — Fe 2 0 4 or Fe0 3 — as 0 Baudisch assumed 
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0 Baudi sell and co-workers showed that ferrous perory hydroxide can act as an 
oxidizing agent, as is shown by the conversion of alcohol to aldehyde and by its 
behaviour towards starch and sugar It acts m this respect m the same manner as 
light energy alone or m the presence of traces of iron It can effect the reduction of 
alkali nitrate to ammoma The first action is supposed to involve a reaction with 
the peroxyhydroxide and the nitrate Fe0 2 (0H) 2 +2NaNO 3 :=Fe(OH) 2 -f 2NaN0 2 
+20 2 » and the nitrite is then reduced by the hydrated ferrous oxide to ammonia 
Both types of reaction can take place m one and the same soln Formaldoxime 
and traces of nitromethane are formed when a methyl alcohol soln of nitrite is 
treated with ferrous sulphate and an excess of sodium hydrocarbonate and shaken 
with air The nitric acid is reduced to hypomtrous acid, which reacts with the 
formaldehyde produced by the oxidation of methyl alcohol, yielding formhydroxamic 
acid, which is m part converted into fonnaldoxime Both iron and ferrous per- 
oxyhydroxide are ferromagnetic, but ferrous hydroxide is not so According to 
0 Baudisch and L A Welo, when the precipitate of hydrated ferrous oxide is 
stored m the absence of air — although apparently stable even when boiled — it 
gradually loses its power of reducing nitrates to nitrites, and of catalysing the 
oxidation of organic compounds such as uracil and lactic acid, although on 
exposure to air they still absorb oxygen The loss of therapeutic efficacy under 
gone by certain mineral waters through keeping has been correlated with a 
precipitation and consequent inactivation of ferrous salts analogous to the ageing 
process described above , it was found that the agemg of the mineral water was 
accelerated by exposure to light The agemg process is attributed to the gradual 
passage of the hydrate from the amorphous to the crystalline state 

G Schmidt found that dried ferrous hydroxide rapidly absorbs carbon dioxide, 
becoming at the same time hot and black According to E Deiss and G Schikorr, 
the oxidizing action attributed to carbon dioxide is really due to the oxygen dissolved 
in the water P N Raikow found that ferrous hydroxide reacts with carbon dioxide 
to form ferrous carbonate and hydrocarbonate F K Cameron and W 0 Robinson 
also studied this reaction H C Allen, and S Miyamoto observed that ferrous 
hydroxide m a soln of alkali hydroxide also reduces nitrobenzene to aniline at 
ordinary temp E J Morgan and J H Quastel found that methylene blue is 
decolorized , and F Feigl, that benzidine is not coloured blue by ferrous hydroxide 
L Cramer noted that gelatin is coagulated by ferrous hydroxide 0 C Palit and 
N R Dhar studied the action of the hydroxide as a catalyst in the oxidation of 
glycerol, and N R Dhar, in the induced oxidation of fats, proteins, sugar, starch, 
formic acid, etc C H Herty and co-workers studied the reaction between silicon 
and ferrous oxide, and found for the equilibrium constant, E, m the reaction 
Si+2FeCM2Fe+Si0 2 , K = 0 000165 W A Roth and co-workers determined 
thermochemically that m the reaction with silica, 2FeO +Si 0 2 quartz=Fe 2 Si 04 
+8 1 Cals 0 von Eeil and A Dammann, J H Whiteley and A F Halhmond 
studied the reaction with silica 

G Grube and H Grnelm found that by anodically polarizing iron in a 40 per 
cent soln of sodium hydroxide, and a low current density, in the absence of air, 
the iron goes into soln as sodium hypofemte, Na 2 Fe0 2 At higher temp this 
forms ferrites and ferrate — vide infra W Blitz and co-workers prepared spinels 
with ferrous oxide and alumina, feme oxide, or chromic oxide J H Andrew and 
co-workers found that mixtures of manganese oxide and ferrous oxide form a 
complete series of solid soln with amp rising almost linearly from tha t of ferrous 
oxide at 1410° to that of manganese oxide at 1585° The liquidus is with] 20° of 
the solidus throughout the whole range 

According to A Levol, cupnc hydroxide and cupric salts are reduced by ferrous 
hydroxide The reaction was studied by H R Ellis and W H Collier, F Forster 
and Y Herold, H Frischer, F Herrmann, and T S Hunt According to E Muller 
and F Kapeller, the reducing power of a soln containing ferrous and feme ions 
mcreases with the ratio Fe /Fe For example, (i) Atmospheric oxygen does not 
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oxidize an acid soln of ferrous sulphate, but is quickly absorbed if an alkali is 
added In the former, the ratio cannot much exceed 10 3 whereas m presence of 
normal alkali it is 1 5xl0 22 , owing to the greater solubility of ferrous h}droude 
( 11 ) Soln of ferrous sulphate and cupnc sulphate do not react, but cuprous oxide 
is precipitated if potassium fluoride is added to the neutral mixture and metallic 
copper if it is added to the acidic soln In this case, the ratio is increased by the 
conversion of feme ions into complex ions containing iron and fluorine In neutral 
soln the cuprous ions produced by the reduction separate as hydroxide, whilst 
m acidic soln , owing to the higher cone reached, the} j leld metallic copper and 
cupric ions (in) The oxidation of hydriodic acid to iodine b} ferric ions, 2I'+2Fe 
=I 2 +2Fe , is also reversed by the addition of potassium fluoride R C Wells 
represented the mam reaction between ferrous hydroxide and cuprous salts bv 
3FeO+2CuCl=2Cu+Fe 2 O s +;FeCl2, especially when the cuprous salt is m excess , 
with a decrease m the latter, the reaction is 4Fe0+2CuCl=2Cu+Fe 3 0 1 -J-FeCl 2 
The reaction Cu +¥& ^Cu+Fe results m the separation of copper when the 
H ion concentration 2 ?h> 5 0 H Ost observed that ferrous hydroxide reacts with 
magnesium chlonde to form ferrous chloride and magnesium hy droxide , and 
similarly with magnesium sulphate, but E Deiss and 6 Schihorr observed no 
reaction with magnesium sulphate C A Graumann obsery ed that a mixture of 
Zinc sulphide and feirous oxide, when heated, does not give off zme vapour 
C W Hempel found that ferrous hydroxide reduced mercunc chlonde to 
mercurous chloride, H Ost, that it forms aluminium hydroxide when added to 
neutral soln of alum , E Deiss and G Schikorr, that chromic hydroxide is not 
reduced by ferrous hydroxide , and C W Hempel, that platinum tetrachlonde 
is reduced to the metal 
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§ 29 Ferrosic Oxide , or Magnetic Oxide of Iron 

The Chinese have been credited with knowing something about the magnetic 
needle so far back as 1100 B o In his Uepl Xldcov, written about 325 b o , 
Theophrastus referred to the power of attraction winch some stones — e g the 
XLBos <n8r]povayovaa — have for iron — vide the history of manganese , and the 
subject was discussed by 0 Lenz 1 At the beg innin g of our era, Pliny, m his 
Eistona naturabs (36 25), discusses the mineral magnes which has the power of 
attracting iron , and added that m Ethiopia, there is a mountain m which the 
stone theamedes is found , this mineral repels and rejects iron This report may 
be founded on the repulsive action of the like poles of two magnets The property 
of polarity which distinguishes the lodestone (or loadstone ) is exceptional Pliny 
also mentions the magnetic properties of the sidentes or herachion This mineral is 
also the {layvfjs Xldos, mentioned by Dioscondes in his first-century work lie pi vXys 
larpLKrjs Accordmg to E Wiedemann, the Arabian Abu Musa G-abir ben Hajjan 
mentioned that a sample of magnetic iron ore lifted 100 dirhems of iron, but after 
it had stood for some time it could not lift 80 dirhems of iron The Arabian, A1 
Dimaschque, also wrote on the subject about 1320 Magnetic iron ore was described 
by A Aphrodisiensis, and the subject was discussed by M Steinschneider, and 
V Rose It was called Siegelstem by Gr Agricola , the minerafem nigricans magneti 
arnica , or magnet of J 6 Wallenus , the minerafem aitractorxa of A Cronstedt, 
the magnetischer Eisenstem of A G Werner , and the magnetite of W Haidmger 
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Analyses were reported by H Arsandaux, 2 J J Berzelius, W Bornhardt, 
A Breithaupt, A Cathrein, A H Chester, F W Clarke, E Classen, C Despretz, 
E Dittler and H Hueber, J N von Fuchs, J L Gay Lussac, F F Grout and 
T M Broderick, B J Harrington, M F Heddle, T H Holland, E Hugel, 
C J B Karsten, A Knop, F von Kobell, G A Koenig, A Lacroix, S M Losa 
mtsch, D Lovisato, G W Maynard, J A Michaelson, W G Miller, T Nordstrom, 
G Nyiredy, T Petersen, W B Phillips, F J Pope, C F Rammelsberg, 
L Ricciardi, F Scafile, B Schwalbe, E Sochtmg, J del Pan, A Stanojevic, 
J Thiel, G P Tschemik, J H L Vogt, T L Walker and A L Parsons, 
C H Warren, M Weibull, and F Zambomm The results are, in the mam, in 
agreement with the formula of iron tritatetroxide , or ferrosic oxide, Fe^, or 
FeO Fe 2 0 3 , for the idealized mineral The ferropicotite of A Lacroix, found 
m Madagascar, has the composition (Fe,Mg)0 (AJ,Fe) 2 0 3 F von Sandberger 
reported either stannous or stannic oxide m the magnetites of Hirschberg 
Manganous oxide may be present, and M Weibull writes the formula 
(Fe,Mn)0 Fe 2 O s , some magnesia and alumina were found by A Knop to be 
associated with the mineral thus making the formula (Fe,Mg)0 (Al,Fe) 2 0 3 , and 
for the chromiferous varieties described by A Cathrem, FeO (Fe,Cr) 2 0 3 , while 
the titamferous varieties may have FeTi0 3 or MgTi0 3 m solid soln with Fe 2 0 3 , 
but, as shown by W B Phillips, magnetite exhibits a wide variation in composition, 
for the extremes m SO analyses were 

Fe as FeO Fe as Fe 2 0 3 FeO Fe 2 0 3 

Magnetite (ideal) 24 11 48 29 1 2 00 

Octahedra from Vogelsberg 39 85 15 22 1 0 38 

Sheperd Mt , Missouri 1 36 63 95 1 47 02 

T L Walker found the dominant mineral in loadstone from Bon Accord, 
Transvaal, to be (Fe,Ti) 2 0 3 J D Dana classed the magnetites as (1) ordinary 
massive, crystalline or sandy magnetites , (2) magnesian magnetites , (3) mccol- 
lferous magnetites , (4) titamferous magnetites , (5) manganesian magnetites , and 
(6) ochreous magnetites W N Hartley and H Ramage observed the presence of 
sodium, potassium, rubidium, Bilver, copper, gallium, manganese, lead, and nickel 
The existence of ferrosic oxide as a chemical individual was demonstrated by 
J L Gay Lussac, and J J Berzelius J L Gay Lussac regarded it as a particular 
stage m the oxidation of iron, but J Dalton, and J J Berzelius considered it to be 
a compound of ferrous and ferric oxides The graphic formula is usually based 
on the assumption that the oxide contains both ferric and ferrous iron, as is 
exemplified by the presence of both salts of iron when ferrosic oxide is dissolved 
in acids The graphic formula is 0=Fe~ 0— Fe— 0— Fe=0, or Fe(Fe0 2 ) 2 
S H Emmens, and W G Brown preferred formulae m which the iron atoms were 
supposed to be quadrivalent The formula Fe(Fe0 2 )2 agrees with the spinel 
structure deduced by M L Huggins from the space-lattice 

According to S Hilpert, the formation of the magnetic ferrosic oxide from non- 
magnetic, hydrated ferrous and feme oxides shows that the magnetic property 
lies primarily in the combmation of the two — where feme oxide acts as an acid 
anhydride, and ferrous oxide as a base This makes magnetic ferrosic oxide a 
ferrous ferrite, FefFeO^, tea member of the family of spmels That the magnetic 
property depends on the acidic property of the feme oxide is shown by the fact 
that the ferrous oxide can be replaced by cupric, cobaltous, calcium, barium, and 
potassium oxide to form magnetic ferrites — vide infra Indeed, cupric femte, 
(Cu0) + {Fe20 8 )-, is as strongly magnetic as (Fe0) + (Fe 2 0 3 )“ It is possible to 
oxidize magnetite to magnetic feme oxide , but m the compound FeO Fe$0 3 , 
only the ferrous iron can be oxidized to furnish (Fe 2 0 3 ) + (2Fe 2 0 3 )~, or ferric oriho- 
femte , Fe (FeO s ) , and this red powder is the true magnetic feme oxide (q v ) 
The cobalt femte, (CoO) + (Fe 2 0 3 )~ can be similarly oxidized to (Co 2 0 3 ) + (2Fe 2 0 3 )“' 
0 Mugge’s study of the reduction products of haematite and the oxidation products 
of magnetite led him to suggest that magnetite is a solid soln of feme oxide in 
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the cubic form of fenous oxide and thus view is favoured by A Gawalowsky, and 
K Hofmann A Krause and J Tulecki obtamed magnetic ferrous femte, at 18°, 
( 1 ) by adding ammonia to an acid soln of ferrous chloride containing meta ferric 
hydroxide m suspension, and ( 11 ) by adding ammonia to a mixed soln of 
ferrous and ferric chlorides The latter varied m composition owing to oxida- 
tion, and contained more water than the former , the former approximated closely 
to Fe(Fe0 2 )2 — 

S Breislak,3 J J Ferber, C W C Fuchs, F Galiam, G Gioem, P Groth, 
A Johnsen, A Lacroix, T Monticelli and N Covelli,L Pilla,S C Ponte, J S Presl 
C F Rammelsberg, A Scacchi, G Struver, D F Wiser, and F Zambomm found 
that magnetite occurs as a sublimation product in the lava of Vesuvius and Etna 
J H L Vogt regarded magnetite as a product of magmatic differentiation , thus, 
J Morozewicz observed that m artificial magmas, magnetite is easily formed when 
the proportion of silica is low, for any iron m excess of that needed to combine with 
silica is liable to be deposited as magnetite The order of its separation with respect 
to other minerals is not invariable Magnetite, like other spinels, may be formed 
by the breaking down of other minerals, or by reactions between them , i e 
magnetite may be a product of contact metamorphism Thus, C Doelter obtained 
it by fusing various rocks with limestone , the fusion of acmite furnishes magnetite 
and a glass , and glaucophane gave a mixture in which magnetite occurred The 
fusion of biotite, and microclme gave F Fouque and A Michel-Levy magnetite, 
leucite, and olivine , J Lenarcic found magnetite in the mass produced b)' fusing 
a mix ture of leucite and augite, but when magnetite is dissolved by fused labradonte, 
augite is formed C F W A Oetling found it in the products of the fusion of 
felspathic basalt M Vucmk, and B Vukits found magnetite among the products 
of mixtures of anorthite and hedenbergite, albite and hedenbergite, olivine and 
augite, elseolite and augite, and elseolite and diopside This subject was discussed 
by H L Ailing, A Bauer, R Beck, G Berg, K Bogdanovich, K Busz, R A Daly, 
0 A Derby, S Foslie, P Geiger, V M Goldschmidt, V Hammerle, A G Hogbohm, 
E Hussak, E P Jennings, H E Johannson, J F Kemp, T Kjerulf, L deLaunay, 
W Lmdgren, G Medamch, K Petrasch, H Sjogren, R B Sosman, A C Spencer, 
0 Stutzer, A E Tornebohm, H S Washington and E S Larsen, and 
G H Wiliams, etc According to F W Clarke, magnetite occurs as an accessory 
mineral m rocks of all classes, and it sometimes forms the principal constituent 
It is most abundant in rocks rich in ferromagnesian min erals — eg the norites, 
diabases, gabbros, or pendotites , but it may be also associated with nephelme 
rocks and anorthites In many cases it forms large ore masses which are highly 
titamferous , mdeed, some ores shade by imperceptible graduations into llmemte 
with over 40 per cent of titanic oxide, they frequently contain spinel, and 
corundum The magnetite llmemte ores were studied by 8 Brunton, F F Osborne, 
P Ramdohr, G M Schwartz, M Kamiyama, J T Smgewald, and C Warren 

In many cases, magnetite is not of direct igneous origin H Rosier observed 
it m clay deposits from rivers and seas C R van Hise found it associated 
with grunente and actmolite in the slates and cherts in the great iron deposits 
of Lake Superior region, and the adjacent parts of Michigan, Wisconsin, and 
Minnesota The magnetite of the Mesabi district is, according to C K Leith, 
derived from the leaching of a hydrated iron silicate which he called greenahte 
C W von Gumbel, and L W Collet and G W Lee observed magnetite m the 
freshly formed sediments at the bottom of the sea The mineral liabmte (vide 
ferric oxide) is thought by E Hussak to have been formed as a chemical sediment 
Observations on the formation of magnetite in this way were made by K Bog- 
danovich, F F Osborne, P Krusch, R Brauns, J Ahlburg, G Rose, etc The 
formation of magnetite m colloidal soln has been discussed by G Berg, K C Berz, 
S Hilpert, and H Stremme C R van Hise also added that magnetite may be 
formed from marcasite and pynte, and from the oxidation of sidente, and by 
further oxidation, it may pass into haematite and limomte, and through the agency 
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of carbonated waters, transformed back into sidente L de Launay discussed the 
reduction of hsematite to magnetite by the reducing action of bituminous substances 
associated with quartz veins at Grangesberg, Sweden A J Moses described 
magnetite pseudomorphs after haematite , and E Doll, after breunnerite , 
E L Perry, after chrysotile , and A Liversidge found magnetite present m many 
minerals and rocks 

The occurrence of magnetite as an inclusion m meteorites was reported by 
J Antipoff, 4 J J Berzelius, A Brezma, S Cloez, E Cohen, A Damour, A Daubree, 
J M Davison, C G Ehrenberg, E E Howell, A Krantz, S Meumer, C F Mohr, 

J Murray and A F Renard, F Pisam, G vom Rath, C von Reichenbach, G Rose, 
C U Shepard, G Tsehermak, and G H F Ulrich Magnetite also occurs m some 
atmospheric dusts 

Magnetite, ferrosie oxide, or pierre d’aimant, may be formed as an accidental 
product m industrial processes or products Thus, it forms a large proportion of 
the smithy scale or iron scale of the blacksmith G E Allan and J Brown 5 assume 
that the seat of the magnetization in the case of the created ore, etc , is ferrosie 
oxide E L Perry observed fibrous magnetite formed after chrysotile on Casper 
Mountain, Wyo min g J F L Hausmann observed magnetite formed m the 
masonry of a lead furnace at Goslar , A Laurent, in an iron furnace at Chatillon- 
sur-Seme , H Wieser, m a blast-furnace at Plons , G M Schwartz, m iron ores 
that had been sintered , J B J D Boussingault, m a roastmg furnace for non ores 
at Rio (Pyrenees Onentales) , J F L Hausmann, F Sandberger, and T Scheerer, 
m the sole of a puddling furnace , and A Krantz, A Lacroix, and H von Dechen, 
in the debris from fires at Hamburg, etc W G Muller, and J Spiller observed 
it m crystals among the iron residues obtained m the reduction of nitrobenzene to 
aniline , R Kattwinkel, m steam-pipes 20 years old , C F RammeJsberg, in the 
sulphate pan of a Leblanc soda works , E Svalander and J Landm, m an iron pan 
used for heatmg a mixture of sodium chloride and hydrosulphate , J H L Vogt, 
at the bottom of a converter smelting copper ore , F K L Koch found that iron 
plates laid beneath the hearths of iron-smelting furnaces and exposed to a red-heat 
are in the course of 6 or 10 years completely converted by the moisture of the soil 
mto magnetic oxide, partly crystalline and partly amorphous The same compound 
is said to be formed on the under-side of refining hearths where the iron comes in 
contact with water vapour — vide supra , the composition of rust A Laurent and 
C Holms observed that on the hearths of puddling furnaces there is formed a 
mixture of ferrous silicate and magnetic oxide , and the latter crystallizes in geodes 
m regular tetrahedra, truncated octahedra, and rhomboidal dodecahedra 
J H L Vogt observed that magnetite occurs m furnace slags , E Keller, m 
blast-furnace and reverberatory furnace mattes , M Faraday, in pottery , 
P P Sustchmsky, in porcelain from Carlsbad , J W Mellor, m bone-china , and 
A Hopwood, in fired clay-ware R Boyle observed that fired bncks are magnetic, 
and if the red-hot brick be allowed to cool m the same position it becomes magnetized 
m the same direction as the earth’s magnetic field , and J B Beccaria also observed 
that bricks or ferruginous stones struck by lightning become permanently mag 
netized in the same direction as the earth’s magnetic field G Gherardi also 
established the existence of a permanent magnetism m all lands of ancient and 
modern clay-wares, and showed that edifices made from magnetic bricks must have 
an influence on measurements of terrestrial magnetism, a subject studied by 
J Lament, F Kohlrausch, R W Wilson, and C C Marsh G Folgheraiter said 
that the various clay-wares found in excavations and ancient tombs aflord an 
indelible record of the state of the earth’s magnetism at +he epoch and place of 
manufacture, and thereby furnish an indirect means of measuring the secular 
variation of the magnetic inclination of the earth since the clay- wares were manu 
factured Observations on this subject were made by 0 A Gage and 
H E Lawrence, F Pockels, B Brunhes and P David, and P L Mercanton 
The preparation of ferrosie oxide — According to E Mitscherlich, 6 m the 
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rapid combustion of iron, either m oxygen or air, ferrosic oxide is formed When 
iron is heated to dull redness m air it acquires a thin film which has success rv e 
shades of yellow, red, blue, and grey, and the anah^es of R Akermann and 
C G Sarnstrom, A Laurent, and J F L Hausmann ga\e for the product 
FeO Fe 2 0 3 R Ruer and M Nakamoto found that when ferric oxide is heated 
m nitrogen for a long time at 1150°, the product is ferrosic oxide with 2 per cent 
of dissolved ferrous oxide , and when the ferric oxide is melted at 1550 w , the product 
is ferrosic oxide with 4 per cent of dissolved ferrous oxide P Ramdohr discussed 
this reaction According to C G Mosander, the outermost la's er of the scale formed 
when iron is heated m air, is ferrosic ox de, but within, the composition approxi 
mates Fe 8 0 4 wFeO The skm of oxide which is formed maj be detached b\ bending 
or hammering the cold metal, or by plungmg the hot metal into cold water The 
product is called hammer slag , iron scale , or scaly iron The scale formed m the 
steel-rolling mills is called roll scale C G Mosander found the external la} er m one 
case approximated to FeO Fe 2 0 3 , and the inner layer to 6FeO Fe 2 0 3 If the oxida- 
tion be allowed to contmue, the ferrosic oxide forms ferric oxide Thus, J Perc'v 
found the outermost layer m one case approximated Fe 2 0 3 , m the middle la}er, 
7Fe0 3Fe 2 0 4 , and the inner layer, 5FeO Fe 3 0 4 F S Barff applied rust protective 
coatings to iron by exposing the surface of iron at about 730° to the action of steam 
for several successive 1-hour treatments with intermediate coolmg m air 
R M Bozorth obtained X-radiograms of the products He found three la\ ers 
containing three oxides m the following sequence and thickness Fe 2 0 3 , 0 2/z , 
Fe 3 0 4 , 2 0 ft , and FeO, 97 8/x P P Fedoteefi examined the structure of the same 
protective coatmg produced at 1000° to 1100° Octahedral crystals with deep, 
etched pits were observed, but no layer formation could be detected The layer 
of oxide was optically homogeneous, though chemically it was richer m ferrous 
oxide next to the metal L B Pfeil observed that when iron and steels are 
oxidized at a red heat m air, the scale which is formed normally contains three 
layers (i) an outer layer mamly feme oxide — about 70 per cent ferrosic oxide and 
30 per cent of ferric oxide , (n) a middle layer with ferrous and feme oxides m 
the proportion 3 1 , and ( 11 O an innermost layer mainlv ferrous oxide — mde supra, 
the corrosion of iron 

The oxide coatings produced by F S Barff, and G- Bower for the protection of iron and 
steel from rusting, were discussed by J Percy, G W Maynard S Cornell, P Askenasy, 
Simson and Co , R Kattwmkel R Stumper, B H Thwaite, C Platt, G Weigelin, 
W E Ruder, A H Sang, P S Brown and M Matw6e£f Other ways of producing the 
oxide coatmg have been suggested — e q by the action of carbon dioxide at an elevated 
temp (G and A S Bower, Western Electric Co , and G R Tweedie) , by treating the 
metal with a bath of fused alkali (M Honigmann) , immersion m a bath of fused a l ka l i 
mtrate with or without manganese dioxide (W B Greenleaf, C S A TatJock, and 
E Blassett) and by anodic oxidation m alkali lye (A de Mentens, and L Revillon) 

According to K A Hofmann, in the oxidation of iron, a layer of feme oxide is 
first formed on the surface , the adjacent iron then acts as a reducing agent, causing 
a graduation from feme oxide through a zone of magnetic iron oxide and ferrous 
oxide to an underlying layer of metallic iron The finer the gram size, and therefore 
the greater the free surface area, the higher the proportion of feme oxide m the 
product Iron containing finely disseminated feme oxide gave a pyrophoric 
product after a short reduction in hydrogen below 600° Exothermic absorption of 
oxygen on the surface of this material m air causes a rise of temp proportional to 
the ratio surface mass Spontaneous combustion takes place if this ratio is 
sufficiently large The pyrophoric property is removed by heating for a long time, 
or at a high temp m an inert atmosphere P OberhoSer and K d’Huart regarded 
hammer slag as a mixture of ferrous and feme oxides which approximated Fegt^ , 
but P Oberhofier also suggested that it might be a solid soln of ferrous and feme 
oxides 

Observations sur les haMUures defer were also made by P F G Boullay, G Bower, 
and P Berthier, who gave for its composition 4FeO Fe20 3 , J W Doberemer, who 
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ga\e 3FeO Fe 2 0 3 , and M Beaujeu and C Mene, who ga\e Fe 8 0 9 and Fe n 0 12 
E J Maumene gave 20FeO 9Fe 2 0 3 , i e Fe 3 80 47 , which is -very near Fe 3 0 4 
H Chandra, A Kaufmann and F Haber described a bluish-black oxide of the 
composition 2FeO 3Fe 2 0 3 , or FegOn, obtamed by the action of potassium nitrite on 
a boding soln of ferrous sulphate rendered alkaline with ammonia , andH Chandra 
and 0 Hauser obtamed a 4FeO Fe 2 0 3 by dehydrating the hydrate (qv) E J Kohl' 
meyer also obtained indications of the formation of FeO 3Fe 2 0 3 , 3FeO 5Fe 2 0 3 , 
and 3FeO 4Fe 2 0 3 , and complex products were obtamed by H Wicht — vide infra \ 
solid soln of ferric oxide and ferrous oxide — but R Ruer and M Nakamoto, and 
A Simon and T Sc hmi dt could not confirm this H St C Deville considered that 
the oxide FeO Fe 3 0 4 , or rather Fe 4 0 5 , is formed when steam acts on iron at an 
elevated temp , but P P Fedoteefi and T N Petrenko showed that at 1000° to 
1100°, the oxidation with steam or carbon dioxide proceeds Fe->FeO->Fe 3 0 4 , and 
with mixtures of steam and air, F e->F eO~>F e 3 0 4 ->F e 2 0 3 F Wust obtained 
2FeO Fe 2 0 3 by heating ferric oxide m vacuo at 1100° , and 3FeO Fe 2 0 3 , at 1200° 
J W Doberemer heated ferrous carbonate and obtamed 3FeO Fe 2 0 3 , E Glasson, 
4FeO Fe 2 0 3 , andJ N von Fuchs, A Knop, andC F Rammelsberg, 5FeO 2Fe 2 0 3 , 
whilst from the oxalate, C F Rammelsberg obtamed 4FeO Fe 2 0 3 The physical 
properties of these mixtures or solid soln were examined by G K Burgess and 
P D Foote, E Greulich, S Hilpert and J Beyer, R B Sosman and J C Hostetter, 
andH Wicht Analyses of mill scale were reported by A Ledebur 

What was formerly called anhydrous cethiops martiahs , or Voxyde de fer noir , 
or black oxide of iron, approximates to ferrosic oxide, and was prepared by the 
incomplete oxidation of iron by air or steam F Kuspert described a demonstration 
experiment for the combustion of iron in oxygen Near the beginning of last 
century, ferrosic oxide was prepared by oxiduzmg iron m air by J L Gay Lussac, 
F Stromeyer, and H Davy J J Berzelius showed that ferric oxide dissociates 
for min g ferrosic oxide *rhen it is heated, so that ferrosic oxide is formed when iron 
is heated in an at a high enough temp even if ferric oxide were first produced 
O Bauer and E Deiss, and A Kropf said that the principal product obtained by 
burning iron m oxygen is ferric oxide , most others say ferrosic oxide E Mitscher- 
lich obtamed ferrosic oxide m octahedral crystals by burning iron m a blast flame 
W G Mixter, and W A Roth observed that the conversion of iron mto ferrosic 
oxide is not complete when iron bums m oxygen, even at 12 to 15 atm press 
When the non-oxidized iron is removed by a magnet, W G Mixter obtamed a 
product approximating Fe^ H Wicht found that the fused product obtamed 
by burning iron m oxygen has 2 5 to 10 FeO, Fe 2 0 3 , A Mittasch’s product with 
oxidizing gases under press was Fe^ , R W G Wvckoff and E D Crittenden’s 
product approximated Fe^ , and E Deiss and H Leysaht added that with the 
slow combustion of iron m oxygen, feme oxide is formed, and with rapid com- 
bustion, ferrosic oxide 

F Bergius found that the reaction between iron and liquid water under press 
furnishes ferrosic oxide in a form which is easily reduced , and E Y Shannon 
regarded magnetite as a transient intermediate and unstable stage m the atmo 
sphenc oxidation of meteoric iron to limomte, and A Payen, H Ost,N J B G Gui 
bourt, A Ackermann, E Deiss and G Sclukorr, and J Huggett observed its 
formation m the earlier stages of the rusting of iron m aerated water According 
to J L Gay Lussac, and C Despretz, red-hot iron m contact with steam forms 
hydrogen and ferrosic oxide Red-hot iron filings repeatedly sprinkled with water 
also yield the black oxide Unlike C N A de Haldat du Lys, H V Regnault 
found that the oxidation of heated iron by steam does not progress farther than 
ferrosic oxide JAN Fnend and co-workers found that when iron is heated m 
steam to 820° to 950°, it acquires a film of magnetic oxide, and the layers under- 
neath contain various proportions of ferrous oxide associated with the magnetic 
oxide in solid soln If the iron is m thin sheets, the product, with a prolonged 
heating m steam, is all ferrosic oxide S Hilpert and J Beyer observed that the 
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composition of the o\ide so obt tmed is \ ariable , thus, if ferric oxide be heated to 
700°, m a current of h) drogen, sat with water \apour at 30°, contains 85 per cent , 
and at 800°, 92 per cent of ferrous oxide P P PedoteeS and T N Petrenko added 
that ferrous oxide is first formed and that a continuous senes of solid soln is 
formed , and that the end product of the reaction at 1000° to 1100° is ferrosic 
oxide G Chaudron observed that below 570° the reaction is 3Fe+4H 2 0^Fe 3 0 4 
+4H 2 , and above 570°, ferrous oxide is first formed Fe4*H 3 0^Fe0+H 2 , and 
then ferrosic oxide 3Fe0+H 2 0^H 2 +Fe30 4 H Moissan found that when iron 
is heated to dull redness m a current of h} drogen, saturated with steam at 90°, 
ferrosic oxide is formed 

The equilibria between ferrosic oxide m the presence of carbon monoxide and 
carbon dioxide, and m the presence of hydrogen and water vapour, have been 
discussed previously m connection with ferrous oxide and with the reactions m the 
blast furnace , likewise also the range of stability has been discussed m connection 
with ferric oxides H Moissan showed that if reduced iron is heated to 440° m 
a current of carbon dioxide, ferrosic oxide is produced J Donau obser\ ed that if 
iron wire be heated to 1200° m a current of carbon dioxide, crystals of ferrosic oxide 
exhibiting magnetic polarity are formed , the presence of moisture facilitates the 
formation of large crystals P P Fedoteeff and T N Petrenko obtained similar 
results with carbon dioxide as were obtamed with steam at 1000° to 1100° 
G Chaudron represented the reaction below 570° by 3Fe+4C0 2 ^Fe30 4 +4C0 , 
and above that temp ferrous oxide is first formed Fe+CO^FeO+CO, and this 
product is subsequently oxidized to ferrosic oxide 3Fe0+C02^Fe 3 0 4 -4-C0 
The range of stability of the phases FeO, and Fe 3 0 4 m the s} stem C-O-Fe has 
been previously discussed G Lepetit obtained ferrosic oxide by the action of a 
3 1 mix ture of carbon dioxide and carbon monoxide on iron at 700° and 720° at 
a press of one to one-third atm 

Iron can be oxidized to ferrosic oxide by other oxidizing agents L N Vauquekn, 
E J Kohlmeyer, and C F Bucholz prepared ferrosic oxide by heatmg to a high 
temp an intimate mixture of powdered iron and feme oxide tightly packed m a 
closed crucible According to J Percy, the magnetic oxide is formed by boiling 
an excess of iron filings with water and freshly precipitated, undried, hydrated 
feme oxide The water is decomposed with the evolution of some hydrogen, and 
the boiling is continued until sufficient ferrous oxide has been formed to convert 
the feme oxide into the magnetic oxide W Sprmg exposed a mixture of iron 
and ferric hydroxide to a press of 1000 to 1200 atm and obtained evidence of the 
formation of ferrosic oxide W Bruhns heated a mixture of finely powdered iron 
and amorphous titanic oxide with hydrofluoric acid at 270° to 300° for 24 hrs 
Numerous plates of llmenite and octahedra of magnetite were formed C Doelter 
obtamed the crystals without the fluoride E Wemschenk added iron to an 
ammomacal soln of copper oxide, and heated the mixture to 151°, m a sealed tube, 
for 6 hrs S Laszczynsky oxidized iron by heating it m a bath of chlorates or 
perchlorates , and W B Greenleaf, C S A Tatlock, and E Blassett, by heating 
it m a bath of alkali nitrate — W Vaubel found that ammonium nitrate also converts 
iron into ferrosic oxide — vide swpra^ the production of an oxide coatmg to protect 
iron from rustmg A Gorgeu prepared magnetite by adding iron to molten iron 
sulphate , it is said that the sulphate acts catalytically, bemg alternately reduced to 
sulphite by the iron and oxidized to sulphate by the oxygen of the atmosphere 
Instead of iron, iron sulphide can be used, and instead of iron sulphate, alkali 
sulphate or sulphide, or sulphur can be used F Martin and 0 Fuchs obtained 
ferrosic oxide by heating iron with sulphates of the alkaline earths , and K A Hof- 
mann and K Hoschele by heatmg iron with magnesium chloride m a weakly 
reduemg atmosphere 

The formation of ferrosic oxide m the reaction 4Fe0=Fe+Fe 3 O 4 observed 
by G Chaudron to occur below 570° has been discussed m connection with ferrous 
oxide It is also formed by treating ferrous oxide by processes employed for 
vol xtn 3 B 
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converting iron into ferrosic oxide H Y Regnault, and C R A Wright and 
A P Luff obtained *ferrosic oxide by the oxidation of hammer slag, and roll scale 
It was also obtained by F Wohler by heatmg the hydrate, Fe 3 0 4 H 2 0, m a closed 
vessel, and by H Moissan at a temp of 300° m an indifferent gas T Sidot observed 

that octahedral crystals of ferrosic oxide are produced when ferric oxide is heated 
for a long time at a high temp , but not sufficient to fuse the oxide, and he added 
that the product exhibits magnetic polarity if the tube containing the oxide be 
placed in the earth’s magnetic meridian According to A Simon and T Schmidt, 
m the decomposition of feme oxide at a constant press of 10 mm , the isobar for 
the decomposition has a sharp break at 1300°, corresponding with the complete 
conversion of feme to ferrosic oxide, without the formation of any solid soln , or 
intermediate oxide The X-radiograms of feme oxide were of an unknown type , 
those of ferrosic oxide, of the spinel type , and those of partially decomposed feme 
oxide corresponded with a mixture of feme and ferrosic oxides, and included no 
other lines G Rose obtamed ferrosic oxide by heatmg feme oxide with borax 
m a reduemg flame , H V Thompson, by heatmg feme oxide with an excess of 
sodium chlonde for several hours , K A Hofmann and K Hoschele, by heating 
feme oxide with magnesium chloride m a weak reduemg atmosphere , F Knapp, 
by heatmg 40 per cent of feme oxide with glass as a flux, and subsequently removing 
the glass by treatment with hydrofluoric acid , and E Wemschenk, by strongly 
heatmg a mixture of feme oxide, ammonium chloride and sulphur — if the temp be 
not high enough, iron disulphide is produced According to 0 Mugge, and 
A A Read, when feme oxide is maintained at 1500° m nitrogen, or, according to 
H Moissan, if it be heated m the electric furnace, m air, it is converted into 
magnetite H Wicht said that the product obtamed by fusion varies m composition 
between FeO and Fe 2 0 3 H Moissan thought that ferrosic oxide represents a 
definite stage m the reduction of feme oxide or its hydrate at 350° to 400° m 
hydrogen, but, as shown in connection with ferrous oxide, the reduction is a con- 
tinuous process H Moissan stated that if ferric oxide is heated to dull redness 
m hydrogen, saturated with water vapour at 90°, ferrosic oxide is formed S Hilpert 
and J Beyer recommended heatmg the ferric, oxide at 400° m hydrogen, saturated 
with water vapour at 50°, and so arranged that the gas and vapour passes over a 
heated copper spiral before it passes over the feme oxide H Moissan heated, at 
420°, feme oxide m carbon monoxide and obtamed ferrosic oxide , G Lepetit 
preferred a 1 3-mixture of carbon monoxide and dioxide at 700° to 720° and at 
one to one-third atm press R Schenck, and A Laurent obtamed ferrosic or ferrous 
oxide by a similar process H R Gregory and G MacDonald used producer gas , 
and K Elbe, and S Lilja, orgamc residues from distillation processes L de Launay 
obtamed impure ferrosic oxide by heatmg m a sealed tube, at 250°, a mixture of 
feme oxide and petroleum 

J Durocher prepared ferrosic oxide by heatmg to redness a mixture of ammonium 
carbonate and ferrous chloride — some haematite is also formed , H St C Deville 
and H Caron, by meltmg iron fluoride and boric acid in a platinum crucible 
suspended above the fluoride, and all contained m a hermetically sealed carbon 
crucible , H St C Deville, by passing hydrogen chloride over ferrous oxide heated 
at a high temp , J L Gay Lussac, F Stromeyer, A Gautier, and E A Parnell, 
by passmg steam over ferrous chlonde at a dull red heat , and A Gorgeu, by heating 
molten ferrous chlonde to bright redness m an incompletely closed crucible , J von 
Liebig and F Wohler obtamed the magnetic oxide as a heavy, black powder by 
fusing in air a mixture of ferrous chlonde at a low red-heat with dry sodium 
carbonate and extracting the sodium carbonate with water C von Hauer obtamed 
ferrosic oxide by heatmg to redness ammonium ferrous chlonde, and also by 
passmg a mixture of air and steam over heated ferrous chloride , E Stimemann, 
by the action of the vapour of feme chlonde and water on heated china clay, 
or a mi xture of silica, sodium aluminate, and calcium carbonate , or, by heatmg 
m a bomb for 12 hrs , at 570° to 580°, a mixture of ferrous and feme chlondes 
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and water (5 8 2) , and M Kuliara, b} boiling a soln of ferrous chloride, m the 
absence of air, for many hours along with finely powdered calcspar, sidente, pyrites, 
or iron silicate if some feme chloride be also present, some haematite is formed 
R Klemm could not verify this 

JSC Wells found that at 200°, precipitated iron sulphide for ms a mix ture of 
ferrosic and ferric oxides H Y Regnault found that when steam is passed o\ er 
red-hot iron sulphide, ferrosic oxide is formed, and A Gautier showed that the 
reaction m a closed vessel is reversible 3FeS +4H 2 CMFe 3 0 4 +3H 2 S -f-H 2 Accord- 
ing to W S Millar, iron sulphides are oxidized to ferrosic oxide when heated m 
sulphur dioxide According to A Gorgeu, iron sulphides act energetically on fused 
alkaline sulphates, with evolution of a large quantity of sulphur dioxide, and 
ultimate formation of magnetite and an alkalme sulphate The alteration in weight 
is due to the loss of the sulphur originally present in the sulphide, and the absorption 
of 1 33 times its weight of oxygen by the iron in the sulphide The jield is better 
the greater the intermediate formation oi a double alkaline ferrous sulphide, and is 
best of all when a mixture of sodium sulphide and sulphite is used instead of the 
sulphate F Kuhlmann obtained ferrosic oxide by heating calcium chloride and 
ferrous sulphate in a closed crucible 

H Moissan obtained ferrosic oxide by heating ferrous carbonate slowly m a 
current of nitrogen, or carbon dioxide at dull redness — if heated rapidly some 
ferrous oxide is produced F Duffschmid added that the composition of the 
product varies from 3 2FeO Fe 2 0 3 to 3 5FeO Fe 2 0 3 4 Gautier obtained ferrosic 

oxide by heatmg sidente to dull redness m a current of steam , and H Kramer, 
by heatmg the sidente in a mixture of 2 vols of carbon dioxide and 1 a ol of 
carbon monoxide L H Twenhofel observed that when feme oxalate is heated to 
550° m a current of carbon dioxide, ferrosic oxide is formed , and K A Hofmann 
and K Schumpelt, likewise obtamed it by heatmg feme formate at 150° m a 
rapid current of moist carbon dioxide T Ishiwara observed the formation of 
magnetite m the oxidation of iron carbide, Fe 3 C W Ipateeff and N Kondyreff 
obtamed crystals of ferrosic oxide by the action of hydrogen at 250° and 135 
atm press on a soln of ferrous cyamde — if ferrous formate or acetate is used, 
much feme oxide is also formed, W Ipateeff and A Kisseleff also obtamed 
ferrosic oxide with soln of potassium ferrocyamde or femeyamde at 350°, and 
200 atm press , and with ferrous sulphate soln at 330°, and 200 atm press but 
with soln of ferrous nitrate, ferrosic and feme oxide were produced m proportions 
dependent on the temp , press , and time of action Water gas at 330 atm press 
forms magnetite when its acts on a soln of ferrous acetate at 350° to 360° 

H Debray obtamed crystals of magnetite by heatmg to redness a mixture of 
feme phosphate with 3 to 4 parts of potassium or sodium sulphate H Grandeau 
added that a temp of 1400° to 1500° is necessary for the development of the crystals , 
if the temp is too low, a complex alkali feme phosphate is formed M Schlapfer 
obtamed magnetite m his experiments on the hydrothermal decomposition of the 
calcium carbonate with iron silicate, and slowly cooling the mass , and A Gautier, 
and A Brun, by heatmg iron silicates at 750° to 800° in a current of steam 
F Fouque and A Michel-Levy, H Andesner, F Angel, K Bauer, C Doelter, 
W Hammerle, G Medamch, J Morozewicz, K Petrasch, H H Reiter, JHL Vogt, 
and M Yucmk obtamed magnetite by melting ferruginous silicates — vide supra 

R Phillips found that if a mixture of ferrous sulphate and sodium carbonate 
be treated with sufficient potassium chlorate added all at once, hydrated feme 
oxide is formed, but if added m small portions at a time, the black ferrosic oxide 
is formed and is not affected by subsequent addition of the chlorate W Gregory 
found that when a soln of ferrous sulphate is divided mto two equal parts, and 
one part is oxidized and mixed with the other, and both precipitated from the 
boiling soln by ammonia, a black, highly magnetic oxide is formed — vide infra, 
hydrated ferrosic oxide T Attfield described a similar process In 0 F V ulfftng’s 
process, as described by F J R Carulla, some ammonia is added to a ferrous liquor 
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— say, waste liquor used for pickling iron — and air is blown into tie mixture to 
oxidize the lower oxide More ammonia is added to decompose completely the 
ferrous salt m soln , and the combination of the two oxides is brought about hv 
means of heat and steam, or air press The product is used as a magnetic oxide 
pamt for protectmg iron from corrosion According to F A Abel and C L Bloxam 
when ammonia is added to a soln of a fenous salt, a white precipitate is formed if 
air be excluded , m contact with air, the precipitate becomes bluish green, dark 
green, and finally black In this state the precipitate is insoluble m water If a 
mixture of ferrous and ferric salts be similarly treated, two distinct precipitates 
are formed, namely, the bluish-white ferrous hydroxide, and the brown ferric 
hydroxide On standing for a short time, or on boiling, a reaction takes place 
between the two hydroxides, and one of the magnetic oxides results S Hilpert 
said that it is impossible for the two precipitates m such a mechanical state of 
division to react with one another For a reaction to take place, one of them must 
be dissotv ed Feme h> droxide is insoluble in water and m soln of ammonium salts 
but ferrous hydroxide is easily soluble m an excess of ammonium salt The com- 
bination of the two hydroxides is therefore brought about by the precipitated 
ferrous hydroxide dissolving, and m this state penetrating and diffusing through 
the feme hj droxide The combmation occurs slowly if theie is no great excess 
of the ammonium salt, but with much greater rapidity m the presence of a con- 
siderable excess If the precipitation is made m a cone soln of ammonium chloride 
only feme hydroxide is precipitated, but this immediately combines with the 
dissolved ferrous hydroxide with such violence and rapidity that the soln becomes 
quite hot Hence it is easy to produce the magnetic oxide by adding the mixed 
salt soln to an excess of aq ammonia If the precipitation is earned out without 
excluding air, or with an insufficient excess of ammonia, the product is never 
homogeneous, but consists of ferric hydroxide which has combined with some of 
the ferrous hydroxide, and of ferrous hydroxide which has been parti} oxidized, 
and thus rendered insoluble If the salts in soln are compounded so as to furnish 
Fe 3 0 4 , the composition of the precipitate will approximate to this formula If a 
soln of ammonium chloride, containing ferrous and ferric salts in the proportions 
required for Fe^, be boiled for several hours, the combmation is never complete 
and some ferrous hydroxide remains dissolved so that the precipitate contains some 
unchanged feme hydroxide It is thus difficult to prepare the definite compound 
FeO Fe 2 0 3 by this method, and much more so with respect to other complexes 
(Fe0) w (Fe 2 0 3 ) n 0 Baudisch and L A Welo found that nitric oxide is a good 

reagent for oxidizing precipitated ferrous oxide to hydrated ferrosic oxide when the 
gas is bubbled through the freshly prepared pulp The subject was studied by 
E Deiss and G Schikorr 

Ihe manufacture and use of ferrosic oxide has been described by the Aci6ries de Genne 
^ co workers w Emmger, P Fireman, T Goldschmidt, A T Larson 
*“ 5 ^ . N Bichardson, J Laux, A Lucas, Metall Gesellschaft A G ,E Muller, E A C Smith, 
t * oxul the preparation of magnetite electrodes , bv P Askenasy, P Askenasy 

Mid J Neustadt, H Blackman, Chemische Fabnk Buckau, Chemisehe Fabrik Gnesheim 
Flektrom Coiisortium fur Elektrochemische Industrie, P P Fedoteeff and T N Petrenko, 
F aJ / 1 ^ ger ^ > J F Ginsberg, H C Hubbell, S Laszczynsky, B Lepsrns, W Seeger, 
and M de Kay Thompson and T C Atchison 

The physical properties of ferrosic oxide — Magnetite occurs in iron-black 
cr} sfcals, or massive with a laminated, coaTse or fine, granular structure It may also 
occur as an impalpable powder The mineral is opaque, but thin dendntes in, say, 
raic ^' nearly transparent, and their colour is pale brown to black According 
t? xt thin films are greyish-brown m transmitted light According 

ton L L Germann, the black pigment employed by the prehistoric North American 

nxf w a ^ ® Carulla found that the mixed oxides, prepared 

"it i 1 S P roceSh > containing Fe 3 0 4 associated with Fe 2 0 3 , varied over the 
range black, bluish-black, brownish-black, greenish-black, to green J B L Rome 
ae 1 Isle, and R J Hauy showed that magnetite forms octahedral crystals 



belonging to the cubic system , and H St G Devilie showed that the crystals are 
characteristic of those belonging to the spinel family Magnetite crystallizes m the 
holohedral cubic sy stem , but cubic crystals are rare The habit is more commonly 
octahedral or dodecahedral, with the faces striated parallel to the (110) (lll)-edge 
The crystals are sometimes considerably modified L Brugnatelli, R Scheibe, 
G Kalb, and H P Whitlock have described various forms of crystals The crystals 
are rarely rhombohedral J del Pan, ard J Morozewicz said that rhorrbodo- 
decahedral forms separate from magmas rich m ferrous and ferric oxides Magmas 
rich m iron may give skeleton forms, grains, and rods C Doelter found the number 
of nuclei developed in unit volume in unit time is relatively large, but the velocity of 
crystallization is small P Sauerwald and G Eisner found that the mechanical 
strength of ferrosic oxide increases with the temp of calcination, and this is attri- 
buted to an increase in the adhesive force between the surface of the crystallites 
Twinning occurs about the (111) plane, and, according to A Cathrem, 0 Mugge, 
K Chudoba, and H Sjogren, sometimes polysynthetic twinning furnishes laminae 
which produce stnations on an octahedral face, and often a pseudo-clea\ age 
The cleavage is not distinct , but, according to A Gruhn, A Cathrem, 0 Mugge, 
and J Struver, an octahedral partmg is often highly de\ eloped According to 
F Becke, J Beckenkamp, F Rinne and H Mielke, F F Osborne, G Kalb, 0 Mugge, 
and L Brugnatelli, the corrosion figures developed by hydrochloric, nitric, and 
sulphuric acids and potassium hydrosulphate on an octahedral face are inverted 
triangular pits often having truncated edges , rectangular pits appear on the 
dodecahedral faces , while on a cubic face, quadrilateral elevations are produced 
by dodecahedral planes, or planes nearly coinciding with them The chief etching 
zone, m which the planes forming the corrosion figures lie, is that of the trigonal 
tnsoctahedra, and a secondary zone of the tetragonal trisoctahedra K Yeit 
studied the gliding planes 

Observations on the crystals were also made by E Artmi F Becke J Beckenkamp, 
J Blumneh G Boeris, A Breithaupt, W C Brogger, S Brunton H Bucking, A des 
Cloizeaux, H Credner, J D Dana, H von Dechen, C Doelter, G Flink J H Gladstone, 
B Gramgg, A Gorgeu, P Groth, W Haidmger, B J Harrington, C Hartmann E Hatle, 
J A Hedvall F Hessenberg F R van Horn, E Hussak L Jaczewsky P von Jere 
mejeff, M Jerofejeh, K Jimbo G Kalb, J F Kemp G A Kenngott i von Kobell, 
N von Kokscharoflc, A Lacroix and C Baret, J Lehmann C C von Leon h a r d G Leon 
hard A I evy, L Liebener and J Vorhauser, A Michel Levy, W H Miller J* Milloseek, 
T Monticelh and N Covelh J Morozewicz, O Mugge, P Niggli, S Nishikawa, A E Nor 
denskjold, T Petersen, M Pictorsky, i A Quenstedt, G von Rath, C F Rammelsberg, 
F Rinne and H Mielke, H Rosenbusch G Robter, A Sadebeck, F Sandberger A Seacchi, 
R Scheibe, M Schlapfer and P Niggli A Schmidt, H Schneiderhohn, G M Schwartz, 
J B Scnvenor, G Seligmann G Silberstein, S T Smgewald, H Sjogren, F S Star 
rabba J Struver, E Taecom T Wada, C H Warren E Wildschrey G Woitscliaeh 
T L Walker and A L Parsons, H P Whitlock, J F Williams, F Zambomm V R von 
Zepharovich, etc 

According to W H Bragg, the X-radiOgrams correspond with a space lattice 
of the diamond type — 5 39, 8 — m which if a represents the length of the side of 
a cube containing one molecule, a= 4 18 A , the face diagonal has a length 5 92 A , 
and the cube diagonal, a length 7 25 A A cube containing eight molecules of 
Fe // (Fe /// 2 0 4 ) has twice these dimensions In order to maintain the trigonal 
symmetry, the four oxygen atoms, O? Fig 511, are arranged at the corners of a 
regular tetrahedron, and the tetrahedron is so oriented that the lines drawn from 
the centre to the four corners of the tetrahedron are parallel to the four diagonals 
of the crystal cube The oxy gen tetrahedra take the place of the carbon atoms of 
the diamond, and are arranged so that the four perpend 1 culars from the corners on 
the faces are parallel to the four cube diagonals The bivalent atoms of iron, # , 
Fig 511, are placed one at the centre of each oxygen tetrahedron In order to 
satisfy the conditions of symmetry, the tervalent atoms of iron, 0> Fig 511, are 
arranged so that each of four atoms of iron, D, E, F, G , Fig 511, is placed on one 
of the four perpendiculars from the tetrahedron on opposite faces, and half- w \y 
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Fig 511 — Illustration of the Trigonal 
bvmmetiy of Magnetite 


between two tetrahedra so as to be shared equally by them In the diagram, 
Fig 513, illustrating the trigonal symmetry, BU, BJ , BE, and BG are trigonal 
axes , BD=DH—BE—EJ=BF=FK=BG—S 4 A , and AB=S 60 A The struc 

ture ’was depicted another way by 
jK j S Nishikawa who represented the 

lattice of ferrosic oxide by Fig 512 
/ T\ n n n The eight Fe"-atoms of the eight 

/ i \ Fe // (Fe /// 2 0 4 ) molecules are arranged 

/ 1 \ X like the carbon atoms in the cha 

/ J \ » - \ x mond, A , Fig 512, two cubes of 

I l X the unit cell are represented by B 

! I /IvX Nn s s and 0, Fig 512 Four of the cubes, 

/ 1 i 1 \ \ \ B, Fig 512, contain a Fe"-atom m 

/ '/ 1 \ X X the middle, and each of the four 

/ ( N \g cu hes, C, Fig 512, has Fe'^-atoms 

9s. 011 diagonals the corners of 

7^ y* tetrahedra The oxygen atoms are 

cf J\ | / X also situated on the diagonals of the 

\ i Ml-'StQ? 0 „X small cubes at the corners of tetra 

\ j ff hedra Observations on this sub- 

\ i / X ]ect were made by J A Hedvall, 

\ ! / „X P Niggli, H Oroebler and P Ober- 

\X X hofter, P F Kerr, H Forestier, 

SjnX G Frebold and J Hesemann, 

A Simon and T Schmidt, J Cates, 
J?ig 511 Illustration of the Trigonal and M L Huggins— see Fig 512 
bvmmetiy of Magnetite According to R W G WyckofE and 

E D Crittenden, the umt cube of magnetite has an edge of 8 37 A , W H Bragg 
gave 8 30 A , 4 A Claassen, 8 40 A , G L Clark and co-workers, a— 8 374 A , 
J Thewlis, 8 4 A , T Gebhardt, 8 367 A , and S Holgersson, 8 40 to 8 417 A , 
or 8 412 A for natural and 8 417 A for artificial magnetite J A Hedvall, 
G Frebold and J Hesemann, and S Holgersson obtained identical values for 

natural and synthetic ferrosic oxide According 
to J Thewlis, there are two kinds of iron atoms 
in the Fe 3 0 4 lattice, namely Fe and Fe , and 
one kind of oxygen atom Each Fe -atom is in 
the middle of a tetrahedron of oxygen atoms, 
and each Fe -atom is m the middle of an octa- 
hedron of oxygen atoms Each oxygen atom is 
at the corner of three octahedra and one tetra- 
hedron of oxygen atoms — cf Fig 514 m connec 
tion with ferric oxide According to L A Welo 
.^r — — and 0 Baudisch, J Thewlis, and R B Sosman 
jV I pg and E Posnjak, the lattice of ferrosic oxide can 

accommodate oxygen atoms up to Fe 2 0 3 with- 
-—g * °ut change — vide infra K T Compton and 

, — Xc E A Trousdale, A H Compton and 0 Rognley, 

Fig 512 -The Space Lattice of S Holgersson, and M de Broglie observed no 
Ferrosic Oxide change m the relative intensities or positions of 

the X-ray spectral lmes when ferrosic oxide is 
placed m a magnetic field According to R W G Wyckoff and E D Critten- 
den, if an excess of ferrous iron is associated with the ferrosic oxide, it 
appears as a separate phase, which disappears when an equivalent amount of 
alumina, silica, or zirconia is added, as promoter for the ferrosic oxide used as a 
catalyst With alumina, ferrous aluminate is formed and enters into solid soln , 
whilst the composition of the oxide tends towards that of ferrosic oxide The umt 
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Fig 512 — The Space Lattice of 
Ferrosic Oxide 
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cube of magnetite containing potassium aluminate differs but little m size from 
the unit cube of ferrosic oxide, and it is impossible to say whether or not solid soln 
occurs Promoters maintain a large surface of iron in catalysis by inhi bi ting 
sintering of the reduced metal, so that the crystals of the latter grow only very 
slowly M L Huggins discussed the electronic structure , and J Forrest, the 
magnetic lattice 

The microstructure of magnetite was examined by A Lacroix, P Ramdohr, 
0 Mugge, C H Warren, S Brunton, S T Smgewald, G M Schwartz, and 
H Schneiderhohn , inclusions of llmemte, etc , by B Gramgg, L Thiebaut, and 
E Hussak 0 Mugge studied the corrosion figures of magnetite and other spinels 
W Haidinger, A Scacchi, C F Rammelsberg, J W Gruner, G Seligmann, and 
H Bucking discussed overgrowths or parallel growths of magnetite with haematite , 
J W Gruner, with spmel , J D Dana, and A Lacroix, with mica , J F Williams, 
with h)persthene , A Breithaupt, with chlorite , T Nordstrom, with bronzite , 
F J Pope, F Becke, A Cathrein, J W Gruner, and M Kami) ama, with llmemte , 
and G Seligmann, A Cathrein, and 0 Mugge, with rutile , and P von Jeremejeff, 
with perowskite J H L Vogt regarded the Norwegian titanomagnetite as a 
mixture of magnetite and llmemte The miscibility of magnetite with FeTiO s , 
FeTi 2 0 4 , in basaltic slags was studied by V M Goldschmidt B J Harrington 
considered that the titanium m many titaniferous magnetites can be regarded as 
being present as Ti 2 0 3 , or as FeTiO s , m which tervalent iron replaces tervalent 
titanium E Hussak considered that the titanium m the titanomagnetites — of 
A Vendl, J Szabo, W G Miller, A Knop, T Nordstrom, A Cathrein, F Schaearzik, 
and P Rozlozsnik and E Emszt — is present rather as inclusions, and that titano- 
magnetite Icem selbstandiges Mineral ist R Ramdohr found that in the slow 
cooling of titanomagnetite, llmemte separates in plates , spmel also separates out, 
as MgO A1 2 0 3 , or FeO A1 2 0 3 The subject was also discussed by M K Palmunen 
L W Fisher studied the isomorphism of the mineral with kreittomte, dysluite, 
gahmte, magnesiofemte, and spmel C U Shepard described slender, rhombic 
prisms of magnetite occurring on the cubic octahedra and dodecahedra of magnetite 
of Monroe, New York , and he called the mineral dimagnetlte, smce its composition 
is the same as that of magnetite J D Dana regarded dimagnetite as a 
pseudomorph of magnetite possibly aftei llvaite 

As indicated above, S Hdpert 8 and co-workers believe that ferrous and ferrosic 
oxides form a series of solid soln , perhaps with limited miscibility, and perhaps 
with the formation of intermediate compounds The analyses of substances equi- 
valent to hammer-slag — mde supra — indicate that various mixtures may be formed 
Such mixtures were also obtamed by A Matsubara, E Terres and A Pongracz, 
R Ruer and M Nakamoto, L Wohler and 0 Balz, and others E D Eastman 
found that up to 1100° ferrosic and ferrous oxides do not form a continuous series 
of solid soln though they do dissolve m one another to a limited extent Iron can 
dissolve 20 to 25 molar per cent , le 6 to 8 per cent , oxygen, although metallic 
iron is not appreciably soluble m the oxide — mde supra , ferrous oxide 0 Mugge 
concluded from his study of the reduction products of hsematite, and the oxidation 
products of magnetite, that magnetite itself is a solid soln of ferrosic oxide m cubic 
ferrous oxide R W G WyckoffandE D Crittenden examined a mixture contam- 
mg 75 24 per cent total iron , 3 34 per cent free iron, 40 49 per cent ferrous iron, 
and 31 41 per cent ferric iron This showed under the microscope crystals of ferrosic 
oxide embedded m a fine-grained eutectic mixture of magnetite and ferrous oxide 
If magnetite can dissolve ferrous oxide, and if the latter can dissolve magnetite, at 
ordinary temp , there should be a shift m the lines of one or other or both of the 
structures A comparison of the results with those with ferrosic oxide gives no 
evidence of solid soln , at ordinary temp , of ferrous oxide m ferrosic oxide 
H Groebler and P Oberhoffer, however, obtained the X-radiograms indicated m 
Fig 507 — cf Fig 513, ferrous oxide — with mixtures containing the proportions of 
ferrous, and ferrosic oxide indicated The lines with Nos 1 to 3 with up to about 
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5 per cent ferrous oxide have the shift characteristic of solid soln In No 4, new 
lines appear along with the lines of the solid soln , and these are the lines of ferrous 
oxide , they persist with samples up to No 9, and they can be recognized m samples 
Nos 10 to 12 along with the lines of metallic iron At a reduction temp of 800°, 
therefore, 5 per cent of ferrous oxide can form a solid soln with ferrosic oxide , with 

higher proportions, the 
ferrous oxide occurs as a 
second solid phase, and 
with about 31 9 per cent 
Fe 3 0 4 , the ferrosic oxide 
lattice disappears, and the 
lines due to that of ferrous 
oxide alone appear The 
iron dissolved m ferrous 
oxide, Nos 10 to 12, causes 
no shift of the lines, thus 
indicating the absence of a 
solid soln The vanishing 
of the X ray spectrum of 
magnetite when the com 
position approaches 61 per 
cent of FeO, and 31 9 per 
cent of magnetite is ex 
plained by assuming that 
magnetite begins to take 
on the cubic lattice of ferrous oxide at this dilution, and that the extra oxygen 
atoms aie distributed haphazard m the interstices between the other iron and 
ox} gen atoms They call the oxygen atoms that fail to take part m the X-ray 
spectrum “vagabond atoms ” — der uberschussige Sauer stoff frei im Gutter vagabundiert 
R M Bozorth, m his examination of the ferrosic oxide protective coatings on iron, 
observed no evidence of the formation of solid soln of ferrous and ferrosic oxide, 
because he found no evidence of a variation m atomic spacing greater than 0 5 per 
cent Negative evidence m the application of the X-ray method does sometimes 
occur — e g it fails to show iron tritacaTbide m steel specimens where the FegC areas 
and cr}stals are plainly visible under the microscope A Simon and T Schmidt 
could detect no solid soln m the conversion of ferric to ferrosic oxide by heat 
According to H Moissan, 9 and M Berthelot, there are two allotropic forms of 
ferrosic oxide Ferrosic oxide prepared by heating ferric oxide or metallic iron, 
reduced by hydrogen, in a current of hydrogen sat with aq vapour at 90° , or 
by heating ferrous carbonate to dull redness in a current of carbon dioxide , or by 
heating reduced iron m a current of carbon dioxide at 440°, is a black, magnetic 
powder of sp gr 4 86 , it is readily attacked by cone nitric acid , and when heated, 
becomes incandescent, forming feme oxide The other modification of ferrosic 
oxide is produced when feme oxide, obtained by oxidizing the first modification, is 
heated above 1500°, when oxygen is given off leaving a black magnetic oxide of sp gr 
5 00 to 5 09 , it is almost unattacked by boiling cone nitric acid, and does not form 
feme oxide when heated Indeed, it is one of the most stable oxides of iron When 
the low temp form of ferrosic oxide is heated to whiteness m a current of nitrogen, 
it agglomerates, increases m density, no longer forms feme oxide when heated in 
air, and is, indeed, identical with the second, inert form of ferrosic oxide The 
feet that the high temp form does not give ferric oxide when heated is explained 
by assuming that when the lower temp form of ferrosic oxide is converted into 
feme oxide, the heat evolved is less than that evolved when the low temp form is 
converted into the high temp form, and therefore the formation of feme oxide 
from the high temp form of ferrosic oxide would be an endothermic reaction — 
vide infra, the thermal expansion (P Chevenard), the sp ht (G S Parks and 


Percentage 

composition 

NO 


FeA 

FeO 

Fe 

993 

07 

- 

/ 

TT 


V 

MM M 

97 4 

26 

- 

? 


1 





A 

95 4 

46 

- 

3 



Mill I 



580 

420 

- 

4 





L 

■ 


319 

68/ 


5 








2/4 

786 


6 








18 0 

820 


7 








168 

'832 


8 








l! 7 

WF 


9 








0 7 

978 

~7J 

fO 









- 

922 

78 

// 









- 

854 

146 

12 









- 

- 

too 

73 

1 I_L U 


Fig 513 — Diagrammatic X ray Spectra of Iron Oxides 
Lower than Fe 3 0 4 




IRON 


745 


K K Kelle\ , R W Millar, and A Piccard and co workers) electrical conductivity 
(C C Bidwell, J Komgsberger, and J Komgsberger and A Schilling), the thermo- 
electric force (C C Bidwell), and magnetic properties (P Weiss and co workers, 
J Komgsberger, G E Allan, F Rmne, J Huggett and G Chaudron, and 
P Chevenard) of this oxide , and also the calorescence of ferric oxide 
J A Hedvall observed no difference m the crystalline structure, for the X-radio 
grams of the alleged allotropic forms are the same According to L A Welo and 
0 Baudisch, the catalytic activity of different samples of magnetite \ anes with the 
mode of preparation, those made by precipitation of a mixture of ferrous and feme 
sulphate bemg much more actrve than those made by precipitation of ferrous 
sulphate and subsequent partial oxidation The activity of actne magnetite is 
not destroyed by oxidation, but both activity and magnetic properties are lost on 
heatmg at 550° Comparison of the water absorption and X ray diffraction spectra 
of active and inactive oxides indicates that the crystals of the former are smaller 
than those of the latter It is thought that both magnetic properties and catalytic 
activity are related to the spatial arrangement of the atoms within the molecule 
In addition to the change which occurs at the Curie pomt, C C Bidwell reported 
breaks m the curves of electrical conductivity and thermoelectric force between 
600° and 800° , and H H Reiter, a transformation point at 1260° 

The specific gravity of magnetite, or ferrosoferric oxide, ranges from 4 96 to 
5 40— average, 5 16 R Bottger 10 gave 4 960 to 5 094 , G A Kenngott, 4 90 to 
5 20 for compact magnetite, 5 168 to 5 180 for crystalline magnetite, and 5 27 after 
heating for a long time , H Kopp gave 5 12 at 0° , C F Rammelsberg, 5 106 to 
5185, H Arsandaux, 5 065, W Herapath, 5 300 at 16 5° , P F G Boullay, 
5 400 to 5 480 , E Madelung and R Fuchs, 5 1718 , V Quittner, 5 252 , S Hol- 
gersson, 5 194 , H Nathorst tabulated the sp gr of the Swedish magnetites and 
found that they ranged from 4 24 to 511 The presence of impurities m the 
mineral must make the sp gr vary E Wilson and E F Herroun obtamed a low 
value — 4 10 to 5 06 — and E Madelung and R Fuchs a high one — 5 5471 F Sauer- 
wald and G Eisner, and P Chevenard examined the effect of heat on the sp gr , 
and J J Saslawsky the observed and calculated mol vol L Playfair and 
J P Joule, 5 453 at 3 9° H Moissan gave 4 86 for ferrosic oxide prepared at a 
low temp , and 5 00 to 5 09 for that prepared at a high temp , and for the artificial 
crystals, A Gorgeu gave 5 21 to 5 25 W Biltz studied the mol vol The hardness 
of magnetite is 5 5 to 6 5 , and A Gorgeu gave for the artificial crystals, 6 0 to 6 5 , 
J Donau gave 6 0 for a sample prepared at 1100° to 1200° , and for a sample 
obtamed from the sulphide, 6 0 to 6 5 P Pfaff found that the scratching hardness 
of magnetite on an octahedral face is 22 when the hardness of talc is unity 
P J Holmquist compared the hardness offered m the slitting machine , 
J L C Schroder van der Kolk, the cleavage and hardness , E Fnedench, the 
haidness, at mol , and valency , G A Kenngott, and J L C Schroder van 
der Kolk, the hardness and at vol , and A Reis and L Zunmermann, and S Hol- 
gersson, the hardness and the lattice structure A Gruhn studied the gliding planes 
of the crystals under press up to 30,000 atm F D Adams tried the effect of 
compression, up to 43,000 lbs applied m 17 mms , on a crystal of magnetite, and 
found that the mineral broke to pieces, and that the fragments had the form of 
little plates which separated from the crystal parallel to the octahedral faces 
There were no signs of plastic deformation P W Bridgman gave for the com- 
pressibility, /}=0 0 6 59 or dv/v 0 —5 397p— 2 01 j? 2 at 30°, and dv/v 0 = 5 376p-)-2 01p 2 
at 70°, where dv denotes the decrease m vol with a rise of press of p kgrms per sq 
cm for values of p below 12 000 kgrms persq cm LH Adams gave /3=— 0 0 6 55, 
and dpjdp=0 0 n 4 , and E Madelung and R Fuchs gave 0 0 6 54 to 0 0 6 57 megabars 
per sq cm when the value for mercury is 3 86 X 10 - 6 F Sauerwald and G Eisner 
made some observations on the mechanical strength of samples heated to different 
temp F B Hofmann made some observations on the accumulation of the powder 
at the boundary surface of water and orgamc liquids 
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H Kopp 11 observed that the cubic coeff of the thermal expansion of magnetite 
is 0 000029 between 17° and 50° , and F Pfaff gave for the mean linear coefi 
0 00009540 H Forestier observed a break m the dilation curve between about 
570° and 965° G Chaudron and H Forestier observed that the dilation increases 
continuously up to 570° and then decreases There is a sudden fall at 695° With 
artificial magnetite, a contraction was observed , and at 550° the expansion was 
normal P Weiss and G Foex observed an anomaly at 570° , at 0°, a=0 0 6 8, 
and at 570°, a=0 0 4 24 , above 570° there is a decrease m the value of a , and at 
680°, there is a break in the curve attributed to the effects of the Curie transforma 
tion, although P Chevenard observed that the change m Curie’s constant between 
625° to 765° did not influence the expansion perceptibly T Okamura studied 
the subject H de Senarmont found that the thermal conductivity of magnetite in 
different directions is the same, and the isothermal lmes are circular J Krucken- 
berg gave &=Q 003 to 0 006 cal per cm per degree per second for the thermal 
conductivity of magnetite F E Naumann gave 0 1641 for the specific heat of 
magnetite , H V Regnault^ 0 16023 between 10° and 99° , H Kopp, 0 153 to 
0 159 , R Ulrich, 0 1687 between 20° and 98° , and A Abt, 0 16505 to 0 16582 
between 15° and 96° W Bertram gave 

96 5 219 448 ° 586 678 738 7 * 3 ° 

c 0 1592 0 1766 0 1982 0 2095 0 2137 0 2176 0 2188 

and c=0 1487+0 000148(0-20) -0 O 7 725(0-2O) 2 P N Beck gave 

101 198 304 395 496 540 580 

Sp ht 016791 0 17572 0 18509 0 3 9341 0 20346 0 20788 0 21235 


for which c=0 161178+0 O 3 111140+O O 6 155I0 2 There is a transition point at 
585°, after which 

593 620 048 704 726 ° 748 ° 791 

Sp ht 0 21336 0 21437 0 21519 0 21735 0 21835 0 21952 0 22259 



Fig 514 — The Effect of Tem 
perature on the Specific Heat 
of Magnetite 


for which c=0 161699 — 0 002969610+0 O5237180 2 There are str ikin g peaks in 
the sp ht curve at —156° and at 593° The latter is approached the more gradually 

as the temp is raised, but falls off precipitately 
after the peak is passed This type of peak is 
characteristic of ferromagnetic materials as they 
pass their Cuiie points and become paramagnetic 
P Weiss and P N Beck showed that as magnetite 
passes from the ferromagnetic to the paramagnetic 
state at the critical temp , heat is rapidly absorbed, 
so that the sp ht rises to a maximum, then de- 
creases, and again increases The mean values of 
the sp ht , dQ/dd, at different temp are indicated 
in Fig 514 K Honda and J Okubo consider that 
rr , £ the discontinuity neaT the Curie point is not an 

effect of magnetic energy, but rather an effect of the heat of the transformation 
o iron from one form to another O C Ralston added that it is doubtful if the 
peak m the curve, Fig 514, is a discontmuity m the sp ht , but the tip of the 
peak rather represents the point on a magnetization-temperature curve, where the 
erromagnetism is being lost more rapidly before the point is reached where only 
paramagnetism remains H A Lorentz calculated Sc=0 0644 for the differential 
ot the sp ht on the assumption that the magnetic molecule is iFe a 0 4 P Weiss 
and co-workers showed that at the Cune pomt d/(8c)/dd will be zero J R Ash- 
A D 1 n ^ ms bussed the relation between 8c and the Curie pomt 
aydell studied the mol ht JR Ashworth studied the relations between the 
thermal and magnetic constants 

. ^ Weiss and co-workers gave for the sp ht of artificial magnetite and of the 
natural mineral from Traversella, Piedmont 
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400 500 550° 58d 585° 593 5 593 5 625° 670 

Nairn al — — 0 259 0 281 0 299 0 2255 0 226 0 226 0 229 0 232 

Artificial 0 199 0 222 0 255 0 277 0 295 0 295 0 300 0 221 0 223 0 226 

They also observed a difference in the results between 18° and 175° for samples 
that bad and bad not been previously beated to 300° M Tigerscbiold calculated a 
mol ht of 36 08 at 17°, from A Matsubara’s observations on gaseous equilibria 
G S Parks and K K Kelley gave for tbe sp bt per gram 


°K 

<’» 

CO 

00 

°oS 

1° 

96 9° 

0 0550 

153 2° 

0 0968 

193 5° 

0 1186 

107 2° 

0 1205 

°K 

Op 

276 3° 
01513 

278 7° 

0 1523 

292 1° 

0 1558 

295 0° 

0 1570 

— 


and R W Millar, for tbe mol bt 

°K 60 5° 87 6° 100 7° 110 4° 114 7° 124 8° 153 7° 206 2° 2611° 

C p 5 495 10 36 13 67 19 25 36 27 18 95 22 63 28 59 32 68 

Tbe results are plotted, along with those for ferrous oxide, in Fig 504 W A Roth 
and W Bertram gave for tbe sp bt , c, between 6° and 20°, c=0 1487 +0 O 3 148(0— -20) 
—0 O 7 725(0— 20) 2 , and for the mol bt , at Q° 

100° 200 300 400° 500 600 700 

C 39 59 45 12 49 66 53 20 55 73 57 23 57 74 

J Lehmann found that when magnetite is heated, and suddenly cooled by cold 
water, irregular cracks appear on tbe octahedral and dodecahedral faces F Sauer- 
wald and G Eisner studied tbe sintering of powdered ferrosic oxide According to 
S Hilpert and E J Kohlmeyer, purified ferrosic oxide has a melting-point, or 
rather tbe f p , 1527° , and there is a break in tbe cooling curve between 1250° 
and 1350° E J Kohlmeyer later gave 1600° , O Ruff and O Goecke, 1538° , 
B Garre, 1527° , J Kleffner and E J Kohlmeyer, 1580° in an atm of nitrogen , 
J C Hostetter and H S Roberts, 1590° , and R B Sosman, 1580° P Curie’s 
value, 1377°, is too low A Brun gave 1260° for tbe m p of magnetite from Zermatt , 
and C Doelter found that tbe mineral begins to soften at 1195°, and is fluid at 1210°, 
and that its m p is approximately tbe same as that of ortbodase , C Schubert 
gave 1080° to 1090° Observations were also made by H H Reiter Tbe low 
values obtained with tbe natural mineral are usually attributed to tbe presence of 
impurities R RuerandM Nakamoto found that a mixture of ferrous and ferrosic 
oxides (4 96) begins to melt slightly over 1550° 

J A HedvaU said that the oxide is stable at a red-beat R Ruer and 
M Nakamoto found that in a current of nitrogen ferrosic oxide begins to 
decompose over 1300°, and that tbe composition of tbe oxide beated to 1500° 
is Fe 0=1 1 32 P T Walden found that ferrosic oxide does not show an 
appreciable dissociation pressure at 1350° , but A Simon and T Schmidt said 
that it amounts to about 1 mm at 1350° H von Juptner calculated for tbe 
reaction 2Fe30 4 =6FeO+0 2 , log [C>2]=log p=322542 T ~ 1 +l 75 log T+ 26 , and 
for tbe reaction Fe30 4 =3Fe+202, log [0^= logp=— 29628r- 1 +I 75 log 
T+ 2 8 Tbe dissociation press , in atm , are 


600 

1000 

1400° 

1800° 

2000° 

2400 

0 0 4i 8038 

0 0 s4 6252 

0 0 14 1850 

0 0*3783 

0 0,2817 

0 0 4 1889 

0 0 41 1914 

0 0 tl 2642 

0 0 W 1389 

0 0 ? 1088 

0 0*5792 

0 0*2346 


No determinations of tbe dissociation press have been made , but estimates have 
been made by L Wohler and co-workers, A Matsubara, K Hofmann, W Blitz, 
A McCance, and F Wust and P Rutten Tbe reduction of magnetite by platinum 
shows that some dissociation of magnetite occurs , and tbe gam of 3 per cent 
excess ferrous oxide when ferrosic oxide is beated to 1550° shows that the oxygen 
press at this temp is appreciable This explains a possible difficulty m determining 
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the m p , since the m p will be lowered by the contamination of the ferrosic oxide 
with ferrous oxide 

H Dulong, and T Andrews made some observations on the heat of formation of 
ferrosic oxide According to M Berthelot, this amounts to (Fe0,Fe 2 0 3 )=4 4 Cals , 
but W G Mixter found 9 2 Cals for the thermal value of this reaction 
H le Chatelier gave for 3Fe 2 0 3 (calcmed)=2Fe 3 0 4 +0— 45 18 Cals , and H von 
Juptner, 52 4 Cals 0 Ruff and E Gersten gave (3Fe,20 2 ) =265 2 to 267 1 Cals , 
E D Eastman and R M Evans, 258 0 to 266 98 Cals , L Wohler and R Gunther, 

264 8 Cals , M Berthelot, 267 4 to 270 8 Cals , W A Roth and co workers, 

265 7 Cals , J Jermiloff, 274 6 Cals , A C Halferdahl, 267 28 Cals , W D Tread 
well, 247 2 Cals at 1000° , W G Mixter, 265 7 Cals , 0 Doepke, and W A Roth, 
265 4 Cals , M Tigerschiold, 217 0 Cals , and H von Juptner, 270 8 Cals 
W A Roth and co workers gave Fe0+Fe 2 0 3 =Fe 3 0 4 +7 0 Cals G Preuner 
calculated for the heat of oxidation of iron to ferrosic oxide at 960°, 237,740 cals , 
and E Baur and A Glassner, 236,240 cals at 960°, and 267 38 Cals at 490° The 
best representative value is 265 7 Cals E D Eastman and R M Evans gave for 
the heat of formation <2=— 2,643,630+11 00T+0 0112T 2 — 0 00000248T 3 , from 
the carbon monoxide reduction equilibrium, and Q=— 256,377— 3 76T— 0 006594T 2 
+0 00000296T 3 , from the hydrogen reduction equilibrium A negatrv e heat of 
formation, of course, means an evolution of heat H le Chatelier gave for the 
(3Fe0,0)=76 6 Cals , O Ruff and E Gersten, 85 8 Cals , and H von Juptner, 
73 7 Cals H von Juptner gave 3FeJ3 3 =2Fe 3 0 4 +0+52 4 Cals , and H le 
Chatelier, 3FeC0 3 +0=Fe 3 0 4 +3C0 2 +0 Cals W G Mixter found the heat of 
formation of fused magnetite to be 265 2 Cals , and ordinary magnetite 265 7 Cals , 
leaving C 5 Cal for what he called the heat of polymerization, assummg, of course, 
that the error of experiment is zero U Hofmann, and E Groll calculated for 
the reaction 3Fe+4C0 2 =Fe 3 0 4 +4C0— 5380 cals , when [p co ] 4 ==K|jp C0 ] 4 , at 
1 atm press 
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and for Fe 3 0 4 +6C0 

==Fe 3 C+5C0 2 +41,850 cals , when 

C0 ]6=Z[p_ 
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M Berthelot gave 46 8 cals for the heat of solution of ferrosic oxide in hydro 
chloric acid E D Eastman calculated the free energy of ferrosic oxide to be 


600 / 00 800 900 1000 

Free energy -198,320 -190,425 -182,550 -174 735 -166,980 cals 

Observations on the subject were made by F Wust and P Rutten, and A McCance 
R Dallwitz Wegener discussed the subject G S Parks and K K Kelley gave 
81 0 for the entropy, 27 10 Cals for the heat of formation, and — 246 8 for the free 
energy at 25° , whilst R W Millar gave 34 69 for the entropy at 25° A C Halfer- 
dahl gave — 83 1 units for the change of entropy m the formation of magnetite at 25° 
O C Ralston calculated from the sp ht data, values for the change m entropy, 
SS > which occurs when a mol of Fe 3 0 4 is formed from its elements 

&>° 100 200 300 400° 500 58o 700* 800 

SS —815 —78 9 -76 3 —71 7 -71 1 -68 1 —65 4 -63 9 -63 7 

The calculations of E D Eastman and R M Evans, and G N Lewis and M Randall 
furnish for the free energy — 264,630-llT log T— 0 112T-2+0 00000124T 3 
=11 34 T > from the carbon monoxide equilibrium , and from the hydrogen equili- 
brium, —256 320—3 7QT log T+0 0066T 2 — 0 00000T 3 +40 56T O C Ralston 
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gives as the best representativ e value —269 246—8 1425T log T+0 000341 T 2 


+136 332T 

The free energ} of magnetite is 
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S Lona 12 found for artificial magnetite, with light of wave-length A=439, 
589 6, and 665 5 the indices of refraction respectively 2 46, 2 42, and 2 45 , and 
the extinction coefficients respectively 0 69, 0 55, and 0 50, and S Lona and 
C Zahrzewsky obtained similar results for natural ferrosic oxide, viz 
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0 53 

0 50 
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\\ W Coblentz found the ultra-red reflecting power rises uniformly from about 
4 per cent at 1/t to 38 per cent at 13 fi S Holgersson calculated 27 55 for the 
molecular refraction with the (jl 2 formula Observ ations on the emissivity of 
ferrosic oxide were made by H le Chatelier and co workers, B Monasch, and 
E Domek 6 K Burgess and R 6 Waltenberg gave for light of wave-length 
0 65 >/x, 0 63 when the value for platinum is 0 33 , the} also gave for the molten 
oxide 0 53 G K Burgess and P D Foote found the monochromatic emissivity, 
E\ at different temp to be 
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0 92 

and the total emissivity, E 
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Surfaces of molten iron and steel quickly acquire a coatmg of oxide whose outer 
surface is essentially magnetite The above results furnish a table of corrections 
for optical and radiation pyrometers sighted on surfaces of iron oxide consisting 
mostl} of magnetite The temp drops through the layer of oxide, so that the true 
temp of the metal beneath the oxide layer is higher than it is at the outside 


of the oxide layer 

Thus, for observations with optical and radiation pyrometers 

Observed temp 

500° 

600° 

700° 

800° 

900° 

1000° 

1100° 

1200° 

True i Optical 

— 

600° 

700° 

801° 

902° 

1004° 

1106° 

12X0° 

temp \R-adiation 

530° 

630° 

735° 

835° 

940° 

1040° 

1145° 

— 


P D Foote studied the Kerr effect , there is a maximum m the curve for the Kerr 
effect at which the electromagnetic rotation changes , and there is probably also 
a min imum P Dziewulky made observations on the magneto-optic rotation 
S Loria, and H E J G du Bois studied the effect of magnetic fields of different 
strength , S Lona, H E J G du Bois, and L R Ingersoll, the effect of light of 
different wave lengths , and P Martin, the effect of temp J Kerr observed that a 
suspension of finely powdered ferrosic oxide is doubly refracting in a magnetic field 
J L Glasson studied the X ray spectrum C Doelter observed that magnetite, 
like the spinels generally, is fairly opaque to the X-rays, standing m this respect 
between quartz and rock salt A Dima found the photoelectric effect with mag- 
netite to be very small , andF Kruger and E Taege observed that if some hydrogen 
sulphide is present the effect is more marked G H Kunsman found that a fused 
mixture of iron oxide with 1 per cent of an alkali or alkaline earth oxide, with or 
without alumina, when used as a hot anode, or employed as a coatmg for platinum 
anode, gave, after partial reduction, steady positive ion currents up to 10~ 4 amp 
per sq cm m a vacuum of 10~ 6 mm A J Dempster observed no reflection of 
positive ions by crystals of magnetite E Rupp and E Schmid studied the reflec- 
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tion of electrons from films of ferrosic oxide A W Wright obtained bj cathodic 
spluttering m vacuo a t hin mirror of magnetite which was greyish-brown m trans- 
mitted bght E T Wherry found magnetite to be a poor radio-detector 

R J Hauy 13 found that magnetite acquires a negative charge of factional 
electricity when rubbed with a handkerchief , andH F Vieweg studied the subject 
F Crook noted that it is attracted by a rubbed stick of shellac P Weiss studied 
the electrostatic moment of magnetite The observations of J F L Hausmann 
and F C Hennci, F von Kobell, G Cesaro, E Wartmann, F Berjennck, and 
W Skey showed that the electrical conductivity of ferrosic oxide is less than that 
of copper E Weintraub found the conductivity of magnetite to be 0 0116x10* 
mhos per cm cube when that of copper is 64 X 10* mhos per cm cube The con 
ductmty increases with rise of temp H Backstrom found that at 40° the electrical 
resistance of rods cut parallel to the cubic and the dodecahedral normals are the 
same The electrical resistance decreases slowly with a rise of temp A Abt 
found that the resistance of a cm cube of magnetite from Moravitza ranged from 
7 06 to 4900 ohms , the variation is attributed to the variation m the proportion 
of contained quartz as impurity R D Harvey, and H Lowy studied the subject 
The effect of variations of temp were measured by S P Thompson, H Backstrom, 
C C Bidwell, an,d 0 Fery S L Brown gave 562 5 ohms per cm cube for the sp 
resistance, R, of fused magnetite at 20° and for the resistance at 6° between —3° 
and 365°, R = 562 5(1 82-0 05240-0 OOO570 2 ) C Doelter found that the electrical 
resistance is 1 198 ohm at 15°, it is 0 614 ohm at 115° , and between 500° and 600° 
the results were irregular J Komgsberger and K Sc h illing measured the electrical 
resistance, R^ ohms, of artificial ferrosic oxide, at different temp , Fig 515 The 
results show a break at about 530°, and a minimum at 220° A number of samples 
broke on passmg 530° For a-ferrosic oxide 

15 82 192 221 240 280° 410 485 

R 0 00794 0 00582 0 00446 0 00434 0 00435 0 00446 0 00770 0 0112 

and for ferrosic oxide, there is a minimum at 815° 

550° 605° 6C0 710 755 815 840 905 

R 0 0069 0 0068 0 0064 0 0059 0 0056 0 0054 0 0055 0 0060 
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S Veil also noted a discontinuity m the conductivity curve between 500° and 600° 
at the Curie point , C C Bidwell attributed the effect at 600° to 800° to a partial 

oxidation of the ferrosic oxide Observations 
were also made by B Young, R von Has- 
slmger, E Renschler, T Okamura, and 
J Komgsberger E Wilson and E F Her- 
roun found that the resistance of magnetite 
varies with the impressed voltage, the resist- 
ance decreasing as the potential difference was 
increased The effect of heating and sub- 
sequently cooling to the ordinary temp , was 
to dimmish both the resistance and the temp 
coeff , whilst the application of magnetic force 
or compressive stress also caused a decrease 
in resistance A press of 887 kgrms per sq 
cm decreased the resistance 1 1 to 3 9 per cent In one case a sample with high 
magnetic retentmty behaved exceptionally, its resistance being scarcely affected 
by variation in the applied potential difference or by alternating changes of temp , 
furthermore, the application of a magnetic field made relatively little difference in 
the resistance, although this was diminished by compressive stress C W Heaps 
found that for a magnetic field of strength 4000 to 5000 gauss, the ratio dR/R 
attains a maximum T W Case observed no change in the electrical resistance 
on exposure to light The electrical resistance of compressed powders was 


0° 20(f 600 c 

Fig 515 — The Effect of Temperature 
on the Electrical Resistance of Mag 
netite 
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measured bv J Komgsberger and K Reichenheim, F Stremt^, S Veil, R von 
Hasslmger, J Komgsberger, B Young, E Renschler, and C C Bidwell R von 
Hasshnger inferred that with artificial ferrosic oxide, the conductivity at high 
temp is electrolytic , but C Doelter said that the conductivity is electronic, % e 
metallic, both at ordinary and at elevated temp The subject was discussed by 
0 Lehmann, J Komgsberger and co workers, R von Hasshnger, W Nernst, and 
S Veil 

Some observations on the thermoelectric force of magnetite were made by 
T J Seebeck, and W 6 Hankel J Weiss and J Komgsberger found that the 
thermoelectric force of magnetite against copper is 6 x 10~ 5 volt per degree, so 
that the current flows through the warm junction to the copper S L Brown 
and L 0 Shuddemagen represented the results for the Fe Fe 3 0 4 couple by 
2?= 0 427(0—20) , and they found the thermoelectric force of the couples of 
magnetite with iron, copper, and cuprous oxide to be 

Fe Cu CtuO 

/ * s * V , V 

Hot junction 90° 517° 639° 102° 315° 550° 92° 312° 650° 

Voltage 0 030 0 211 0 300 0 035 0 125 0 225 0 112 0 405 0 770 

0 Fery also measured the thermal e m f of magnetite agamst iron , and C C Bid- 
well, against platinum — at 200°, the temp coefi of the e m f was —0 00005 volt 
per degree , and m the curve representmg the effect of temp , there is a trans- 
formation point between 700° and 800° 

P Bechtereff found the electromotive force of the cell with molten sodium 
hydroxide Fe 3 0 4 1 NaOH-j-KMn0 4 1 C rises with temp up to 0 9 volt, and then 
gradually falls as the mixture approaches its b p C A L de Bruyn observed that 
the emf of the cell Fes0 4 1 0 lY-Fe S0 4 +Fe 2 (S0 4 ) 3 1 iY-KCl J Hg 2 Cl 2 1 Hg is a little 
less than the observed value for platinum The results are 
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48 5 

36 

16 
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Fe 

32 5 

515 

64 

84 

99 , „ 
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0 334 

0 366 

0 378 

0 401 

0 480 volt 


6 Tammann also made some observations with magnetite containing some 
haematite, and found for the cell Fe^ 1 4W-ZnS0 4 1 Zn, 1 20 volt , Fe^ | PbCl 2 sat 
soln | Pb, 0 60 volt , Fe 3 0 4 1 2W-CuS0 4 1 Cu, 0 14 volt , and Fe30 4 1 Ag2S0 4 sat 
soln |Ag, 0 03 volt H Backstrom observed that while the electrical conductivity 
of magnetite is isotropic, different electrode potentials are developed by the contact 
of different faces of a crystal, with electrolytes, and consequently different faces 
of the crystal m the electrolyte set up a difference of potential and an electric 
current results A von Hansen also found that an octahedral face is negative 
towards a cubic face Irregular results were obtained using different concen- 
trations of hydrochloric or sulphuric acid W D Treadwell found the potential, 
E volt, of ferrous oxide against ferrosic oxide from measurements of the cell 
FeO,Fe 3 0 4 ( electrolyte 1 0 2 , to be 

875 ° 950 970 980 1000 1010 ° 1020 1090 1100 

E 0 967 0 898 0 915 0 927 0 897 0 880 0 890 0 856 0 838 

E Baur and co-workers, working with the cell Fe0,Fe30 4 1 electrolyte 1 0u0,Cu 2 0, 
obtamed 2?= 0 9 volt at 900° Calculations based on equilibrium data m an atm 
of hydrogen and steam were made by E Baur and A Glassner, G Chaudron, 

G Preuner, W D Treadwell, and L Wohler and R Gunther R C WeDs measured 

the electrode potential of magnetite in V-soln of sulphuric acid, and found 0 91 volt , 
potassium chloride, 0 40 volt , and sodium hydroxide, —0 22 volt , P Bechtereff 
found the potential of magnetite against molten sodium hydroxide to be the same 
as that of iron, cobalt, nickel, platinum, gold, silver, copper, and constantan 
between 330° and 650° This is taken to mean that the observed result is a gas 
potential and not the potential of ferrosic oxide E Renschler studied the behaviour 
of ferrosic oxide electrodes and found that as a cathode the oxide behaves similarly 
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to iron, but as anode it is characterized by a lower potential In the electrolysis 
of ammonium sulphate and sodium chlorate — for the preparation of persulphate 
or perchlorate — the yields with the ferrosic oxide anode are very small, and m this 
respect the behaviour resembles that of platinized platinum , and in the electrolysis 
of a soln of ammonium sulphate, the electrode is attacked In the electrolysis of 
iodide soln , the behaviour is very like that of platinum , with bromide soln , the 
yield is less than with platinum , and with chloride soln , without a diaphragm, the 
yield is smaller than with platinum, and falls below 66 per cent If the electrodes 
are smooth, the yields are higher , and if rough, the electrode is strongly attacked 
and the current efficiency is reduced The oxygen over voltage measured by 
H C Howard is in normal sodium chlorate soln 0 4 to 0 6 volt less than is the case 
with platinum B la Croix von Langenheim said that m a 16 per cent <*oln of 
sodium hydroxide, a magnetite cathode is slowly reduced Observations were 
made by P P Fedoteefl, and K Elbs 

Magnetite shows the property of ferromagnetism to a marked degree vide 
supra , iron A L Holz 14 stated that m a strong magnetic field, the ratio of 
the permanent magnetism of magnetite to that of glass hard steel is as 1 5 1 , 
and A Abt gave 1 82 1 to 2 21 1 Observations were made by C B Greiss, 
E F Hornstem, and G A Kenngott P Weiss found the saturation intensity 
of magnetization ranges from 435 to 469 gauss H E J G du Bois obtained a 
lim it, to the intensity of magnetization, 7=350, showing that saturation is com- 
plete when the magnetizing force 77=1 500 V Quittner gave 7^ =482 gauss, 
P D Foote, 290 gauss , S Lona, 360 gauss For artificial ferrosic oxide, P Weiss 
gave 476 5 gauss, S Lona, 450 gauss, and A Droz, 455 gauss A Droz, and 
P Weiss obtained different values for the saturation value of the intensity of 
magnetization with crystals sectioned about different axes of symmetry P Weiss 
and H K Onnes found the saturation intensity at —257 2° to be 90 75 gauss , 
and at —253°, 95 9 gauss The subject was investigated by P Weiss, W Kopp, 
W Lenz, and W H Keesom L A Welo found that the remanent magnetism 
increases under press , so that at 1200 atm and a field-strength of 40 gauss, there 
is a 45 to 50 per cent increase H E J G du Bois also observed 


Magnetic force H 

500 

1000 

2000 

1200 

Intensity of magnetization, I 

325 

345 

350 

350 

Induction B 

8361 

9041 

10,084 

20,084 

Permeability \i 

16 7 

90 

50 

1 7 


E Wilson and E F Herroun observed that with a field-strength of 77=55 gauss, 
the maximum permeability, /x,=35 , the coercive force, 77 c =20 7 gauss , and the 
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and artificial magnetite is increased after heating and cooling P Erman, 
M Faraday, W M Mordey, and E Colardeau made some obsery ations on this 
subject J Kunz discussed the magnetic moment of the elementary magnets 
G R Wait studied the permeability of magnetite m alternatmg fields of high 
frequency , V Quittner, the magnetic h\ bteresib, and A Perrier, the effect of temp 
on the hysteresis The relation between the magnetization and the strength of the 
field was measured by C Benedicks, G G Bring, and H Nathorst R Che\ allier 
observed that with artificial ferrosic oxide, the intensity of magnetization, I gauss 

Field strength, H 0 60 120 180 195 gauss 

7 {increasing H 0 3 77 12 6 13 8 

L (decreasing, H 23 62 99 13 2 13 8, , 

F Stutzer and co-workers gave 75 00xl0“ 6 to 97 35 X 10~ 6 for the coeff of 
magnetization of magnetite , E Wilson and E F Herroun found the susceptibility 
to be 300 X lO” 6 to 615 X 10~ 6 , and W R Crane, 37 X 10“ 6 H Wilde attributed the 
apparent increase in magnetism on raising the temp , to a surface resistance which 
disappears on raising the temp , on increasing the magnetizing force, or on di minishin g 
the mass of the substance The magnetic susceptibility of magnetite is dependent 
on the field-strength, H, and E Wilson and E F Herroun obseryed that the 
change is greater the larger the susceptibility E Holm investigated this subject , 
and W Sucksmith, and J W Fisher studied the gyromagnetic effect obtained 
when the magnetization of magnetite is conducted m a rotary field M Faraday, 
P Erman, and E Becquerel observed that at a red heat, the magnetism of magnetite 
is lost, but is restored again on cooling F Rmne showed that the magnetizabihty 
of magnetite gradually rises with increasing temp and then suddenly falls , whilst 
on cooling, the phenomena are reversed P Curie found that there is an inversion 
m the magnetic susceptibility of magnetite at about 535° , E H Barton and 
W Williams said 557° , F Rmne, 575° , H E J G du Bois, 555° , J Huggett 
and G Chaudron, 570° , S Veil, 550° , P Weiss and P N Beck, 580° and 588° , 
P Weiss, A Piccard and A Carrard, 593 5° , P Weiss, A Piccard and A Garrard, 
593° , Chemische Fabrik Griesheim-Elektron, 585° , P Weiss and G Foex, 581° , 
S Wologdine, 525° , G E Allan, 550° , T Ishiwara 580° for the natural and 510° 
for artificial magnetite, and H Takagi, 515° for natural material R Forrer 
studied the subject K Honda and T Sone s value, 690°, refers to an artificial 
sample with much ferae oxide, for natural magnetite they gave 580° The 
actual temp is influenced by the magnitude of the mduction or of the magnetizing 
force Attempts have been made to detect discontinuities m other physical 
properties at the Curie pomt P Cheyenard observed a break m the thermal 
expansion curve of magnetite at about 570°, and G Chaudron and H Forestier, 
a similar one with ferrosic oxide , G E Allan observed a thermal effect accom- 
panying the magnetic transformation , and J Komgsberger and K Schilling found 
a break m the electrical conductivity curve of magnetite near 530° S Veil also 
made observations on this subject , L F Bates, J R Ashworth, and L A Welo 
ana O Baudisch studied the relation between the Curie pomt and the intensity of 
magnetization , and G R Wait, the permeability m oscillating fields 

The reciprocal of the magnetic susceptibility, x> when plotted against the 
absolute temp , T, usually gives a straight hue, C=x(jF— #), where 8 denotes the 
Curie point, or the temp of magnetic my ersion , C is called the Cune constant 
P Curie found that between 850° and 1360°, the magnetic susceptibility, decreases 
regularly with a rise of temp , T°, so that x X 10 6 =28,000T~ 1 « According to 
P Weiss and G Foex, when the results are plotted, the curve consists of a series 
of four straight hues 

581 to 622 622 to 680 680 to 710 ^10° to 770 770 to 900 900 to 1360 

Cune pomt 581 558 — 433 194 0 

Cune constant 0 00445 0 00682 — 0 0105 0 0180 0 028 

P Weiss argued that wherever the line changed direction, a new form of magnetite 
VOL xttt 3 C 
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is responsible for some other physical change No other investigator has noticed 
changes m other physical properties corresponding with those for the magnetic 
change reported by P Weiss P Curie’s curve shows no sharp change in direction 
The following is a selection from the data 

— 138 ° —21 5 19 215 616 627 656 ° 913 1332 

*X10 6 22 1 30 8 37 6 37 0 50 2 45 0 310 13 8 10 6 

By the method of treatment, the samples must have been converted mto feme 
oxide before the measurement was made The critical temp of inversion is not 
sharply defined Observations were also made by H Takagi L H Adams and 
J W Green found that pressure has no perceptible influence on the critical temp 
The passage from the ferromagnetic to the paramagnetic state was formerly thought 
to be accompanied by a sharp discontinuity The results of P Weiss and P N Beck 
show that the change is not abrupt Actually, the intensity does not fall to zero, 
but rather to a low, nearly constant value The susceptibility is reversible , but 
between 920° and 680°, the susceptibility on the cooling curve is rather less than 
on the heating curve C H Li found that the magnetic properties changed 
abruptly at — 160°, the temp at which R W Miller observed that the thermal 
capacity suddenly increases to a maximum 

J Hugget and G Chaudron found the transformation pomt on the temperature 
magnetization curve of magnetite occurs at 570°, there are anomalies when the 
magnetite is heated m air owing to superficial oxidation There is the irreversible 
Curie pomt at 570° If magnetite be heated in air at 330° it forms an unstable, 
strongly magnetic compound with a composition between Fe 2 0 3 and Fe^ 
Martite and oligist are unstable at 570° and 675° K Renger observed that the 
effect of a magnetic field of H gauss on the transformation temp 0 , is 0=563 
+0 OSH, and P Weiss gave 

H 0 1438 2903 5094 8144 10,430 11,930 

Q 663° 566° 567 5° 569° 570 4° 571° 572° 

R Forrer observed that, at —153°, magnetite has a singular change of state which 
manifests itself by a discontinuous variation in magnetization due to an abrupt 
decrease in the coeff of magnetic hardness It does not affect the magnetic moment, 
or the law of thermal variation of saturation T Okamura studied the pheno- 
menon at low temp W Sucksmith and H H Potter discussed the P Weiss 
relation between the sp ht and the magnetization of magnetite , and J R Ash- 
worth, the application of an equation of state — vide iron K T Compton and 
E A Trousdale, and A H Compton and O Rognley showed that no change m 
the structure of single crystals occurs m a strong magnetic field E Wedekind, 
and E Wilson and E F Herroun studied this subject , and P Weiss the residual 
magnetism Y Kato and T Takei made magnets of iron oxide 

S Hilpert and J Beyer prepared mixtures of f errosic and ferrous oxides, which 
were non-magnetic, by reducing feme oxide in a stream of hydrogen and steam 
at 400° to 1100° No crystalline structure was observed in the black masses The 
higher the proportion of contained ferrous oxide, the more rapid the dissolution m 
acids The magnetic susceptibility fell to zero with proportions of ferrous oxide 
approximating 74 per cent of ferrous oxide It is considered that when all the 
ferrosic oxide is in solid soln in the ferrous oxide, it loses its ferromagnetism This 
is in agreement with the failure of the X-radiograms to detect ferrosic oxide m the 
mixture The bend in the curve with between 20 and 25 per cent , say 21 5 per 
cent , of ferrous oxide probably represents a sat solid soln of ferrous in ferrosic 
oxide The complex 2FeO Fe^Og occurs at 23 6 per cent of ferrous oxide 
W Borchers found that the ferrous and cuprous sulphides in copper mattes reduces 
the feme oxide as far as 2FeO FegOj A solid soln with 74 per cent of ferrous 
oxide is hence taken to represent a sat soln of FegC^ in FeO at about 1000° The 
kink m the curve with 61 per cent of FeO, corresponding with 6FeO FegOs, may 
have no significance J Huggett and G Chaudron partially reduced feme oxide 
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m li} drogen, and homogenized the samples by heating them for 30 lirs at 650° 
The products contammg ferrous oxide split up with ferrosic oxide and iron near 
300° , at 575°, a magnetic anomaly occurred o^ving to the Cone point of magnetite , 
at about 600°, the decomposition components of the ferrous oxide recombmed so 
that another magnetic anomaly occurred P Weiss and 6 Foex observed a famt 
trace of magnetism in artificial ferrosic oxide up to 678°, but R B Sosman attri- 
buted this to the presence of a little magnetic ferric oxide produced by the oxidation 
of the magnetite H Takagi did not obtain a discontinuity in some samples of 
magnetite when heated between 600° and 900° H Sachse studied the magnetiza- 
bility of ferrosic oxide dispersed m alumina, silica, or strontium, sulphate 

Lord Kelvin (W Thomson) found that crystals belonging to the cubic system 
are magnetically isotropic, but this is not the case with magnetite, for the crystals 
are magnetically anisotropic Accordmg to P Weiss, the magnetic permeability of 
magnetization varies with the mclmation of the magnetizing field to the crystallo- 
graphic axis , thus, the results with rods cut parallel to the axes (111), (110), 
and (100), or parallel to the cube, octahedron, and rhombic dodecahedron faces, 
expressed megs units, for an external field H, a total magnetism Z, and a 
remanence B fi are 



[H 

22 9 

43 3 

79 1 

146 2 

239 3 

326 8 

436 0 

(111) 

[I 

172 4 

263 8 

347 0 

399 0 

414 3 

418 2 

422 2 

[B 

49 6 

61 0 

70 5 

75 9 

75 6 

75 b 

75 2 

1 

[H 

19 7 

38 4 

75 0 

144 5 

238 1 

316 5 

499 6 

(110) < 

I 

I 

162 2 

249 3 

323 0 

376 6 

392 1 

403 8 

410 1 

\B 

40 6 

608 

58 6 

63 4 

63 7 

64 6 

656 

i 

H 

18 1 

39 8 

78 4 

151 9 

2517 

342 4 

435 6 

(100) < 

1 

I 

174 1 

233 4 

271 3 

307 5 

340 6 

366 2 

387 0 

B 

616 

74 0 

83 6 

893 

89 7 

906 

89 3 


These results show that magnetite is magnetically anisotropic The selotropic 
magnetic properties of magnetite show that the theories which regard magneti- 
zation as resulting from the orientation of particles of fixed magnetic moment are 
not sufficient to explain the magnetization of crystalline bodies The subject was 
discussed by V Quittner, J Beckenkamp, W Voigt, J Kunz, S Sano, C H Li, 
W Peddle, F Wallerant, K Honda and J Okubo, G R Wait, A Droz, and 
B Bavink J C Steams tried unsuccessfully to detect a change m the intensity 
of the X-ray beam reflected from a crystal of magnetite when under the influence 
of a magnetic field He concluded that electrons revolving m orbits within the 
atom cannot account for ferromagnetism 

C W Heaps and J Taylor observed the Barkhausen effect with dark-coloured 
magnetite showing well-developed cleavage planes, but not with specimens showing 
rounded comers, and uneven faces The subject was discussed by J Beckenkamp, 
and W Voigt Observations were also made by B Bavmk, F Rmne, A Droz, 
V Quittner, E Wilson and E F Herroun,andE Wilson — vide supra, the formation 
of magnetite m bricks, etc For the hysteresis loop, see Fig 291 

E Wilson observed that with tensile stresses up to 130 kgrms per sq mm m 
a given field, the susceptibility of magnetite at first increases with stress, decreases, 
and then it exhibits a reversal as in the case of iron The magnetic force at which 
the percentage increase in permeability has a maximum value is less than the foice 
for which the maximum susceptibility occurs I Kmckenberg observed no pro- 
portionabty between the change in length, dljl, of magnetite and the permeability 
Accordmg to K Yamada, the coercive force of magnetite is greater than that of 
soft iron , and the intensity of magnetization is about half that of nickel The 
hysteresis resembles that of iron m weak fields The energy dissipated during a 
cycle for j?=+288 is about 54,400 ergs The change of length in weak fields is 
slow, but goes on increasing at a steady rate, so that the maximum elongation was 
not attained with several hundred gauss 
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C W Heaps found that the magnetostriction of an octahedral crystal of 
magnetite along the three axes, with field-strengths, JET, up to 5000 gauss, gave curves 
which were all similar in form — first convex towards the H-axis, and then concave, 
tending towards a maximum near 5000 gauss With a longitudinal field of 5000 
gauss, the diagonal axis expands 30xl0“ 4 per cent , the trigonal axis, 12x10-* 
per cent , and the tetragonal axis contracts 4xl0~ 4 per cent With an equal 
transverse field, the percentage changes are a contraction of the diagonal axis of 
44 X 10— 4 per cent , a contraction of the trigonal axis of 28 X 10 -4 per cent , and an 
expansion of the tetragonal axis of 4X10 -4 per cent respectively The effect 
perpendicular to a plane is independent of the direction of the field in that plane 
No departure from cubic sy mm etry was established The magnetostriction curve 
is supposed to be the resultant of two superposed effects, and the Villari reversal 
probably a consequence of the heterogeneous crystal arrangement in the iron 
E Gross said that since ferrosic oxide is the only magnetic oxide of iron, it is not 
improbable that the magnetic properties of iron m general are due to the presence 
of the atomic group 

Fe \Fe 

IV 

A Krause and J Tulecki attributed the magnetic properties to the presence 
of the group 

— Fe<°>Fe— 

and represented the constitution [mde y— Fe 2 0 3 ) 

Fe— O— Fe— O— Fe 
O O OO 

N/ 

Fe—O— Fe— O— Fe 

Magnetite crystals are sometimes magnetically polarized, and they form strong 
permanent magnets , indeed, the history of magnetism is closely associated with 
the discovery of the lodestone by the ancients On the other hand, most natural 
magnetite is not polarized , and the cause is unknown The natural magnetite 
which possesses polarity like a magnetic needle, or magnet, is called loadstone 
There are all gradations between ordinary magnetite with little or no polarity, and 
that m which a fragment will pick up large iron nails W H Newhouse and 
W H Callahan, and W H Newhouse suggested the loadstone is generally formed 
from oxidized magnetite — ferromagnetic ferric oxide — which possesses a higher 
remanence than ordinary magnetite — ferro-femc oxide The polarity is further 
supposed to have been induced by a concentration of the earth’s field chiefly at the 
ends of an ore body, but occasionally at points within magnetite ore bodies due to 
irregularities of mineralization or the faulting J W Gruner does not agree with 
this conclusion, and added that no brownish oxidized ore was observed by himself, 
or by P Ramdohr, or F F Osborne The polar magnetism of magnetite was 
studied by T L Walker, and P Homstein W Sucksmith found the ratio for the 
gyromagnetic effect to be about 0 495 — mde supra, the magnetism of iron 

As previously indicated, S Hilpert assumed that the magnetic qualities of 
magnetite, regarded as ferrous femte, FeO Fe20 8 , and of other ferrites are dependent 
on the presence of the acid anhydride, Fe20 3 E Take assumed that the magnetic 
properties of Heusler’s non-ferrous alloys depend on the spacing and arrangement 
of the atoms , J Forrest, and R B Sosman also assumed that with magnetite, 
ferromagnetic feme oxide, and iron, the magnetic properties are bound up with the 
spacing and arrangement of the iron atoms without regard to the other atoms 
present The argument is mainly based on the inversion temp at which tne mag- 
netism in all these substances is lost* A H Compton and 0 Rognley observed that 
magnetization and demagnetization have no effect on the crystal structure of 
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magnetite J R Ashworth studied the relations between the thermal and magnetic 
constants, and K Gosh, the relation between the electrical conductivity and 
magnetism 

The chemical properties of ferrosic oxide — The transformation of magnetite 
m nature into haematite, martite, etc , has been discussed by J Roth, 15 W L Uglow 
and F F Osborne, K C Berz, P Jeremeieff, A Lacroix, B Stalhare and T Malm- 
berg, J F Williams, W H Newhouse, W H Newhouse and W H Callahan, 
L H Twenhofel, A Reuss, and C R van Hise The general characteristic of 
ferrosic oxide prepared at high temp is its resistance to many chemical agents, 
and accordingly, W G Gunther 16 proposed using it m chemical plants for resisting 
chemical reagents According to J L Gay Lussac, magnetite is reduced to metal 
by hydrogen at all temp above 400°, and generally at the same temp as water is 
decomposed by iron, a reaction studied by H V Regnault, H Fleissner and 
F Duftschmid, W Muller, and G Gallo According to F Glaser, the reduction 
by hydrogen begins at about 305° P H Emmett and J F Shultz gave for the 
equilibrium constant, K, of the reaction Fe30 4 +H 2 — 3Fe0+H 2 0, K—p^o/p# 
=1 18 at 700°, and 2 37 at 800° For W Blitz and H Muller’s observations on the 
ratios Fe30 4 FeO, and FegO^/Fe, vide supra y ferrous oxide The reversible reaction 
with hydrogen has been previously discussed — and mde infra , feme oxide 
M Tigerschiold stated that above 800°, ferrosic oxide is more readily reduced by 
hydrogen, and below 800°, by carbon monoxide A de HempWne found that 
ferrosic oxide is reduced m an atm of dry hydrogen m an electric discharge when 
the oxide is m contact with one of the electrodes K Hofmann emphasized the 
importance of surface phenomena in the reduction The reduction of molten iron 
oxide by hydrogen was studied by J Reese, M Boistel, C Adams, C Kroger, and 
S L Madorsky , and P H Emmett and J F Shultz studied the system 
Fe 3 0 4 — H 2 — Fe — H 2 0 

According to H Moissan, ferrosic oxide prepared below 500° oxidizes to feme 
oxide when heated to redness m air, but the oxide prepared at a high temp is not so 
readily changed to feme oxide R Ruer and M Nakamoto found that ferrosic 
oxide at 1370° is completely converted to feme oxide, but at 1400°, the feme oxide 
begins to decompose E Greulich said that the upper limit is 1380° K Honda 
and T Sone found that at 1100°, magnetite m air is converted into feme oxide , 
and the change is completed at 1300° They added that below 1300°, haematite is 
more stable than magnetite The peculiar ferromagnetic properties of ferric oxide 
prepared by the oxidation of magnetite have been discussed by R B Sosman and 
E Posnjek — vide infra, feme oxide G Friedel found that if heated m air, 
magnetite can be converted mto martite without losing its form The temp at 
which oxidation begms depends on the gram-size of the powder, and, as shown by 
F Glaser, and H Abraham and R Planiol, the powder prepared at a low temp 
may be pyrophoric O Mugge found that both the natural and artificial oxide are 
oxidized when heated for a long time E Greulich observed that when magnetite 
is heated m air, oxidation begins at about 400°, but the feme oxide acts as a pro- 
tective skin winch retards the progress of the reaction, so that even at 1000°, only 
95 6 per cent was oxidized m 100 hrs Above that, the rate of oxidation increases 
more rapidly, so that it is nearly complete in 2 hrs at 1100°, and m 1 hr at 1200° 
Above 1380° no further reaction can occur, and at 1450° the product is no more 
oxidized than the original magnetite This shows that ferric oxide breaks down 
into ferrosic oxide at these elevated temp At 1500° to 1550°, the product had an 
excess of ferrous oxide, showing that the magnetite decomposes into ferrous oxide 
W Eitel discussed the reaction 2Fe30 4 +|0 2 ^3Fe 2 0 3 J W Gruner obsened 
that oxidation begins at 150° on the octahedral faces of the crystals G Gilbert 
supposed that magnetite may form feme oxide b} surface oxidation m hot, dry 
climates, but more usually, hydrated feme oxide is formed The subject was 
discussed by T M Broderick, J W Gruner, R B Sosman and J C Hostetter, 
L H Twenhofel, and P A Wagner L H Twenhofel found that m the first 
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oxidation of magnetite, the oxygen atoms are irregularly spaced within the 
magnetite lattice A Bickel and C van Eweyk observed that a sample of magnetic 
oxide of non retamed its power to give the be nzi d in e reaction after keeping in con- 
ductivity water for 5 months, another sample (ferrosic carbonate) which was 
originally non-magnetic but gave a powerful benzidine reaction, with similar treat- 
ment became unable to give the reaction 

A Gorgeu found that boiling water does not attack ferrosic oxide, nor was any 
attack observed by steam at a bright red-heat — mde supra, reactions m the blast 
furnace R Muller found that water, sat with carbon dioxide at 3 5 atm press , 
dissolved from two samples of magnetite respectively 0 307 per cent and 2 428 
per cent of ferrous oxide in 50 days J W Gruner found that in 77 days, peat- 
water dissolved 31 parts of iron per million from powdered magnetite , and in 182 
days, 41 parts H D Rankin converted magnetite into a soluble form by heating 
it to redness, and afterwards treating it under press with alkali lye 

H Moissan found that fluorine does not act on magnetite in the cold, but at a 
dull red-heat, a white fluoride is formed H Davy observed that chlorine reacts 
on magnetite very much more quickly than it does on ferric oxide (qv) at a red- 
heat , but W Kangro and R Flugge did not agree They observed that at 1000°, 
99 4 per cent of iron was removed as ferric chloride m 270 hrs L Mathesius 
found that an aq soln of bromine does not act on magnetite , andH Moissan said 
that the oxide prepared by the reduction process does not decolorize an aq soln 
of iodine provided metallic iron is absent E Zalmsky found that an excess of 
hydrofluoric acid, acting for 20 hrs, dissolved magnetite completely, and 
K F Stahl added that magnetite is more readily dissolved by hydrofluoric acid 
than it is by any other acid E Deussen said that it requires 5 to 10 hrs to dissolve 
hammer-slag, and if a longer time be allowed, less iron is dissolved owing to the 
formation of a spanngly-soluble oxyfluonde The powdered mineral is also com- 
pletely soluble m hydrochloric acid, and J J Berzelius said that if the mineral be 
in excess, and the acid dilute, ferrous oxide passes into soln , and red feme oxide 
remains undissolved According to A Gorgeu, magnetite is not attacked by the 
dil acid(l 10), but it is slowly attacked by the cone acid, when some of the solid 
soln approximating FegO* are treated with hydrochloric acid, some ferrous oxide 
dissolves and feme oxide remains J Liebig and F Wohler, and Y Neuwirth noted 
that magnetite does dissolve in hydrochloric acid , according to G Gilbert, it 
dissolves more readily m a hot hydrochloric acid soln of stannous chloride , and 
A Damour noted that the presence of potassium iodide accelerates the rate of 
dissolution According to K A Hofmann and K Ritter, magnetite is not attacked 
by a soln of calcmm hypochlorite E Muller discussed the use of magnetite 
electrodes m preparing bleaching liquor by electrolysis F Leteur showed that 
magnetite is readily dissolved by heating it with cone hydrochloric acid, sp gr 
1 18, m a closed vessel at 65° to 70° F Becke studied the etching of magnetite 
with this acid 

♦ J J Berzelius, and H Rose observed that when the mineral is heated with 
sulphur, sulphur dioxide, and ferrous sulphide are formed A Gautier found that 
at a white-heat in a current of hydrogen sulphide, ferrous sulphide, hydrogen, 
sulphur dioxide, and a little sulphur tnoxide are formed , and C Doelter found 
that when magnetite is heated with an aq soln of hydrogen sulphide at 80° to 90°, 
some pynte is formed D L Hamimck observed that there is no appreciable 
reaction with sulphur dioxide at a red-heat According to H Lotz, when a plate 
of magnetite is exposed to the action of moist air charged with 1 per cent of 
sulphur dioxide and 19 per cent of carbon dioxide, and the plate washed with water, 
the ferrous oxide was most vigorously attacked 

MgO Cuo MnO FeO Al*O s Fe*0 3 
Magnetite contained 2 47 1 64 9 32 24 24 8 47 53 93 per cent 

Water contained 0*0728 0 0208 0 0008 0 3395 0 0232 0 0052 

F Becke studied the etching of magnetite with sulphuric acid O Mugge found 
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that a crystal of magnetite is only slightly attacked by fused potassium hydro- 
sulphate, near its m p , but at a higher temp , the mineral is vigorously attacked 
F Becke studied the etching of the crystals with this salt 

U Sborgi and E Gagliardo found that boron mtnde reacts with ferrosic oxide 
at 750°, forming nitric oxide J J Berzelius noted the formation of mtrogemzed 
iron when ferrosic oxide is heated m dry ammonia, and he also observed no change 
occurs when hammer-slag is located with an aq soln of ammonium chloride 
A T Larson and A P Brooks observed that ferrosic oxide is a good catalyst for 
the synthesis of ammonia , and A K Brewer showed that photochenncally, the 
catalyst has the same photoelectric threshold as electrolytic iron F Emich found 
that mine oxide converts heated ferrosic oxide to ferric oxide 

G Tammann and G Batz observed that precipitated silica begins to react 
with ferrosic oxide at 800°, and with quartz at 950° As indicated m connection 
with the allotropism of ferrosic oxide, H Moissan showed that the high temp form 
of this oxide is almost insoluble m boiling, cone nitric acid, while the low temp 
form is soluble in the cone acid but not m dil acid A Gorgeu also found that 
the dil acid (1 10) scarcely attacks ferrosic oxide until its temp has been raised 
nearly to the b p The cone acid attacks the oxide slowly H L Heathcote said 
that ferrosic oxide is more soluble m cone than in dil nitric acid, for acid of sp gr 
14, 13, and 1 15 dissolved respectively 0 02332, 0 01752, and 0 00124 grm of 
ferrosic oxide per 10 c c of acid F Becke studied the etching of magnetite with 
this acid A Gorgeu found that ferrosic oxide is slowly attacked by aqua regia 
G Hawley found that only a little magnetite is dissolved by a boiling mixture of 
equal vols of cone mtnc acid and a 15 per cent aq soln of sodium chlorate 

According to P Berthier, when magnetite is heated with carbon it is reduced to 
the metal — vide supra, the reactions m the blast-furnace G Tammann and 
A Sworykm discussed the reaction with carbon H H Meyer found that the 
reduction of ferrosic oxide by sugar charcoal begins at 760° , with wood charcoal, 
900° Ferrous oxide is formed at 860° with sugar charcoal , at 880° to 920°, with 
coke , at 690°, with wood charcoal, or at 900° if the wood charcoal has been first 
heated to 1000° in nitrogen The reaction was studied by W Bankloh and 
R Durrer J Bokmann studied the reaction with mm carbide* Fe s 0 4 +3S , e 3 C 
^12Fe+2C0+C0 2 O Meyer and W Eilender studied the reduction of magnetite 
with methane C Despretz, B Stalhane and T Malmberg, W Muller, F Gobel, 
H Fleissner and F Duftschmid, and F Leplay and A- Laurent noted that carbon 
monoxide reduces red-hot ferrosic oxide to the metallic state, and carbon dioxide 
is formed, and conversely that red-hot iron is oxidized to ferrosic oxide by carbon 
dioxide and carbon monoxide is formed The mean of A C HalferdahTs values 
for the free energy of the reaction Fe 30 4 +(X)= 3 Fe 0 +C 02 is — 265113+79,3832*, 
and the triple point 4FeO=Fes0 4 +Fe is near 572° The free energy of magnetite 
at 25° is —241,950 cals A Laurent observed that a mixture of equal vols of 
carbon dioxide and monoxide converts red-hot iron into ferrosic oxide These 
balanced reactions have been previously discussed — vtie supra , feme oxide 
E K Riedel studied the reduction of the oxide with water-gas A Gorgeu found 
that ferrosic oxide at a bright red-heat is not attacked by carbon dioxide 
0 M Bouton discussed the reaction with methane H Moissan observed that 
ferrosic oxide is not attacked by acetic acid at 8° , and H C Bolton found that it 
is not attacked m a short time by boiling cone soln of citnc acid or tartaric acid , 
but cone citnc acid shows signs of attacking the oxide during 8 days’ exposure 
F W O de Comnck and A Raynaud found that at a dull red-heat, ferrosic oxide 
reacts with calfitniw oxalate to form ferrous oxide, calcium carbonate, and carbon 
dioxide 

L Kahlenberg and J W J Trautmann studied the reaction with silicon, 
J Lenarcic found that 1 part of magnetite di&olves m 20 parts by weight of 
molten labradonte at 1220° , and C Doelter, that fused magnetite magma at 1200° 
to 1230° did not attack corundum and quartz, but olivme, leumte, and orthodase 
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were corroded 6 Tammann and 6 Batz said that ferrosic oxide does not react 
with silica until oxygen is given off to form ferrous oxide J H L Vogt said that 
continuous series of solid soln are formed with spinel and magnetite with a eutectic 
on the f p curve with 3 per cent of spinel P Ramdohr studied the action of 
ferrosic oxide on llmemte, FeTi0 3 

J L Gay Lussac and L J Thenard, and J J Berzelius found that magnetite 
is reduced by sodium or potassium at about 300°, and non is formed B Garre 
said that the reaction between ferrosic oxide and magnesium begins at 575°, and 
evolves 710 2 Cals of heat R B SosmanandJ C Hostetter found that m contact 
with platinum at 1200°, iron is formed and oxygen is evolved — the iron forms a 
solid soln with the platinum P Curie did not observe any attack on platinum 
by ferrosic oxide at a high temp C T Anderson studied the reduction of ferrosic 
oxide by iron at 1350° to 1550° , and V Shuleikm and X Solovova, the radiation 
of heat m the thermite reaction with aluminium 

H Moissan observed that calcium oxide at a high temp converts ferrosic oxide 
into calcium femte , A Gorgeu, that ferrosic oxide is oxidized by molten sodium 
sulphate Without changing its crystalline form , and J W Gruner, that 4 months’ 
exposure to molar soln of sodium chloride, sodium carbonate, or magnesium 
sulphate does not change magnetite For the action on ferrous sulphide, vide 
infra , for the action on manganous sulphide, vide 12 64, 21 WO Hickok 
studied the action of stannous chloride , H von Wartenberg and E Prophet, 
the action of the oxide on magnesia , and H von Wartenberg and H J Reusch, 
the action of alumina 

The solubility relations between ferrous oxide and ferrosic oxide have been 
previously discussed S Hilpert and J Beyer 17 first pointed out the existence 
of solid soln of the two oxides P P Fedoteeff and T N Petrenko assumed that a 
continuous series of solid soln of the two oxides is formed when iron is oxidized by 
steam between 1000° and 1100° R W G WyckoffandE D Crittenden observed 
no evidence m the X-radiograms of the formation of solid soln of ferrous oxide m 
ferrosic oxide at ordinary temp , the elementary cells of ferrous oxide appear to be 
enlarged a little m the presence of much ferrosic oxide Under the microscope, 
the crystals of ferrosic oxide appear to be embedded in a eutectic mixture of ferrosic 
and probably ferrous oxide H Groebler and co-workers observed that the ferrous 
oxide obtained by reducing ferric oxide m a mixture of equal vols of carbon 
monoxide and dioxide at 800° contams 39 per cent of ferrosic oxide and the lattice 
dimensions of the ferrous oxide are not altered This phenomenon is explained 
m terms of the hypothesis of G F Huttig that the extra oxygen exists as vagabond 
atoms m the spaces m the lattice The diagram, Fig 517, based on the obser- 
vations of E D Eastman and R M Evans, R B Sosman and J C Hostetter, 
R Schenck, G Chaudron, P van Gromngen, L Wohler and R Gunther, 
A McCance, and A Matsubara, enables the solubilities of ferrous oxide m ferrosic 
oxide, and of ferrosic oxide m ferrous oxide, to be tabulated O C Ralston com- 
piled the results of these and various other observers J Huggett and G Chaudron 
gave 31 for the percentage proportion of Fe30 4 m FeO , R Schenck gave for Fes^ 
and FeO, and FeO m Fe30 4 , respectively 35 and 0 at 700° , E D Eastman and 
R M Evans, 32 and 6 35 at 772°, R Schenck, 32 and 0 75 at 800° , andH Groebler 
andP Oberhoffer, 39 and 5 at 800° , A Matsubara, 38 and 6 35 at 863° , R Schenck, 
28 and 19 at 950° , S Hilpert and J Beyer, 26 and 21 5 at 1000° , A Matsubara, 
(51) and 15 7 at 1070°, and 26 and 6 35 at 1175° The agreement is poor The 
relations between ferrous and ferrosic oxides have been su mmar ized in Figs 20 
to 31 The curves for the solubilities of ferrous oxide in ferrosic oxide, and 
conversely, should approach one another so that m the molten state the two oxides 
should have u nlimit ed miscibility The constitutional diagram of C Benedicks 
and H Lofquist, Fig 486, shows the existence of an invariant point where iron and 
ferrous and ferrosic oxides can coexist , below that temp , iron and ferrosic oxide 
are present, and above it, on one side, ferrous oxide and iron are stable, whilst on the 
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other side, ferrous and ferrosic oxides are stable 6 Chaudron, L Wohler and 
R Gunther, and E D Eastman and R M Evans gaV&“570° for the temp of the 
umvariant pomt , P van Groningen gave 571° , and J B Ferguson, between 526° 
and 577° G Chaudron 5 s magnetic measurements ga\e between 550° and 580°, 
G Chaudron and H Forestier’s dilation measurements, 570 0 and M Tigersebiold’s 
calculations, based on A Matsubara s observations, gave 534° 

R Vogel and E Martin studied the system Fe0-Fe 3 0 4 L B Pfeils study 
of the system Fe0-Fe20 3 is summarized m Fig 517 The boundaries of the 
Fe 2 0 3 -phase have not been determined, and, as shown by R B Sosman and 
J C Hostetter, it is probable that dissociation occurs at high temp to form 
magnetite The solubility of iron m ferric oxide is represented by the EO , 
Fig 517 , F occurs near 72 2 per cent of iron, and 1590° , G , at 72 6 per cent of 
iron, and 1430° , and GM and FN indicate a decreasing solubility as far as about 
1000° , H , at 75 per cent of iron, and 1430°, represents the maximum solubility 
of oxygen, Z), the eutectic of iron 
iron, and 1370°, is m accord with the 
observations of F S Tritton and 
D Hanson, and the subject was 
studied by R W G Wyckoff and 
E D Crittenden, A McCance, and 
P Oberhoffer and K d’Huart , I re- 
presents the maximum solubility of 
iron, m ferrous oxide, and occurs at 
76 9 per cent of iron , IL, the solu- 
bility curve of iron in ferrous oxide, 
is vertical because no decrease m solu- 
bility could be detected between 1370° 
and 575° , HL represents the solubility 
of magnetite in ferrous oxide, and 
ML, at 575°, represents the transition 
curve for all specimens containing 
the ferrous phase Specimens cooled 
rapidly from above 575° are very 
slowly attacked by cone hydrochloric 
acid, and specimens cooled slowly are 
rapidly attacked by 0 1 per cent 
hydrochloric acid In both cases the 
ferrous phase is preferentially attacked 
In agreement with G Chaudron, A Matsubara, and E D Eastman, the ferrous 
phase, m all cases, is unstable at about 575°, and below that temp decomposes 
into a eutectoid of iron and ferrosic oxide P P Fedoteeff and T N Petrenko 
made observations on solid soln of ferric and ferrosic oxides Unlike R B Sosman 
and J C Hostetter, G Gilbert does not consider that a solid soln is formed under 
geological conditions — mde infra, feme oxide 

H Wada found that active magnetic oxide administered to rabbits caused the 
urinary C N ratio to increase considerably, the administration of the inactive 
oxide had only a slightly delayed effect 

As indicated above in connection with the preparation of ferrosic oxide, if 
white hydrated ferrous oxide be exposed to air, for a short time, or if a mixture of 
soln of a ferrous and feme salt be treated with alkali lye, green hydrated ferrosic 
oxide is formed which, on exposure to air, ultimately passes into rusty brown 
hydrated feme oxide A Ackermann, 18 E DeissandG Schikorr, H Ost,A Payen, 
and N J B G Guibourt observed the formation of this hydrate by the action of 
aerated water on iron, when the hydrated ferrosic oxide appears as an intermediate 
stage of rustmg E Ramann said that it is formed as a black film on iron when the 
metal is dipped m nitric acid or a soln of some other oxidizing agent — mde supra, 


and ferrous oxide, at 77 28 per cent of 
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passivity J von Liebig and F Wohler, A Krause, Y Paissakowitsch, 0 Faust, 
and H Chandra observed its formation in the oxidation of hydrated ferrous oxide* 
or of a lower oxide than Fe 8 0 4 , as indicated in connection with the action of air on 
ferrous hydroxide M Roloff, 0 Faust, and V Paissakowitsch noted its formation 
m the anodic oxidation of iron or ferrous hydroxide, m the presence of alkali-lye, 
or ammonia According to J von Liebig and F Wohler, F Wohler, H Abich,* 
J Mercer, F J R Camilla, C F Wulffing, W Gregory, L A Welo and 0 Baudisch* 
and S Hilpert, if a hydrochloric acid soln of magnetite, or a mixed soln of ferrous 
and ferric salts in the molar proportion 1 1, be treated with alkali-lye, and washed, 
a black hydrated ferrosic oxide is formed The mixed soln of ferrous and ferric 
salts was obtained by mixing suitable proportions of soln of the two salts , by 
mixing a certain proportion of mtnc acid to the soln of a ferrous salt — R Phillips 
used potassium chlorate as the oxidizing agent, and L A Welo and 0 Baudisch, 
potassium nitrate J Lefort recommended pouring the soln of the mixed iron salts 
into an excess of boiling potash-lye T C Estelle observed that ferrosic oxide can 
be hydrated by heating it with soda-lye as in the case of feme oxide (q v ) 
R Bottger, and J Noel recommended treating a soln of ferrous sulphate with 
sodium carbonate, washing the precipitate once by decantation, and boiling it with 
cone potash-lye E Soubeiran obtamed by this process a precipitate which gave 
off carbon dioxide when treated with acids According to E DeissandG Schikorr, 
the brown liquid obtamed by mixing ferrous and feme hydroxide soln , rapidly 
changes to a green colour, and finally turns black with complete precipitation of 
the colloid The green substance probably results from the combination of one 
molecule of ferrous hydroxide with one of feme hydroxide, but attempts to isolate 
the compound have been unsuccessful J Preuss boiled a mixture of 4 parts of 
powdered iron and 5 parts of feme oxide in water Hydrogen is evolved, and 
the mixture becomes dark brown and finally black The product is washed, 
wrapped m bibulous paper, and dried in hot air The so-called Eisenmohr, iron 
black , hydrated cethurps martialis, or cethiops martialis Lemeryi, was produced as a 
black powder, by L Lemery, by exposing a mixture of iron filings and an excess 
of water for a long time m air, and frequently stirring the mixture The light, 
black powder is collected from time to time G Cavezzali kept the iron filings 
moist for about 5 days, and obtamed the black powder — Voxyde defer notr — by 
levigation P Sabatier and J B Senderens obtamed the highly magnetic hydrate 
by the action of mtnc oxide and moist air on iron , and H Bollenbach and E Luch- 
mann, by boiling a strongly alk a l ine soln of potassium femeyamde and an excess 
of ferrous sulphate 

The composition of these products is variable, but in some cases approximates 
to hydrated ferrosic oxide, FeaC^ wH 2 0, where n may be 1 to 1 5 According to 
J Lefort, when the precipitate is dried over calcium oxide and sulphuric acid, it 
approximates Fes0 4 H 2 0, J von Liebig and F Wohler gave SFe^ 2H 2 0 The 
composition was discussed by L A Welo and 0 Baudisch, and the constitution 
by O Baudisch and P Mayer, and E Deiss and G Schikorr They represented 
the hydroxide formed by the simultaneous precipitation of a mixed soln of equi- 
molar parts of ferrous and ferrosic hydroxides as a hydrated ferrous hydrofemte 
FetOHJ^+FefOHJg^HgO+HOFeOFeCOHja, and in the presence of another 
molecular proportion of feme hydroxide HO Fe 0 Fe(0H) 2 +Fe(0H) 3 =H 2 0 
0 Fe 0 Fe(0H) 2 Consequently, hydrated ferrosic oxide is considered 
to be a hydrated ferrous femte 


Fe< 


0— Fe(OH) 2 
0— Fe(OH) 2 


According to F Wohler, the black hydrate forms, when dried, a brownish-black, 
brittle, strongly magnetic mass J Woost, and 0 Faust measured the electrode 
potential of hydrated ferrosic oxide J von Liebig and F Wohler, J Lefort, 
H Abich, and N J B 0 Guibourt observed that the dry as well as the hydrated 
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ferrosic oxide are equally magnetic , and A Quartaroli added that the magnetic 
susceptibility of ferrosic oxide is a hundred times greater than that of the hydrated 
ferric oxide L A Welo and 0 Baudisch found that the magnetic permeability 
of the powder of sp gr 1 32, lies between 2 6 and 3 4 , the remanent magnetism 
is about 8 per cent , and the coercive force 14 gauss Other preparations gave 
34 per cent remanent magnetism, and a coercive force of 149 gauss Hydrated 
ferrosic oxide contains about 7 per cent of water, which, according to J Lefort, is 
given off at about 90 ° — cf hydrated ferrous oxide 

J von Liebig and F Wohler observed that hydrated ferrosic oxide is stable m 
air , whilst J Lefort found that the moist oxide is slowly oxidized, but the dried 
oxide is stable 0 Faust, and L A Welo and 0 Baudisch found that the hydrated 
oxide is apt to oxidize when it is being washed and dried S Hilpert said that it 
can be almost wholly dehydrated m vacuo over cone sulphuric acid , and J Lefort, 
F Wohler, S Hilpert, and H Abich added that when it is heated m the absence 
of air, all the water can be expelled The precipitated hydrate cannot be dried 
by heat, because it readily oxidizes in air to form feme oxide F Wohler added 
that in the preparation of the hydrate, the iron does not reduce the feme oxide 
directly, but the reduction is effected by the nascent hydrogen produced by the 
action of the iron on the water In the words of F Wohler, “ the feme oxide 
does not give up oxygen to the iron, but induces the decomposition of the water 
by its predisposing affinity for ferrous oxide ” , and he added that zinc is not 
oxidized by boiling it with water and hydrated feme oxide The hydrates of 
alumina and chromic oxide do not oxidize the iron F Wohler, J Preuss, and 
J Lefort observed that hydrated ferrosic oxide forms a yellow soln when treated 
with hydrochloric acid , J Lefort found that it is soluble in hydnodic acid , and 
m cone sulphuric acid S Hilpert observed that the freshly precipitated hydrate 
is oxidized under water by persulphates 0 Faust said that the hydrate is not 
soluble m aq ammonia m the presence of ammonium salts , E Ramann, that it is 
readily soluble in dil nitric acid, and but sparingly soluble in the cone acid , and 
J Lefort, that it is sparingly soluble in phosphoric acid, in arsenic acid, and in 
hydrocyanic acid, and soluble in acetic, oxalic, and tartaric acids Some salts of 
ferrosic oxide regarded as a base have been reported — vide infra 

J Lefort obtained a precipitate 6FeO FegC^ 4H 2 0 from a soln of 6 eq of 
ferrous sulphate and 1 eq of feme sulphate 0 Hauser, and H Chandra obtained 
a hydrated ferrosic oxide by the action of a hot, cone soln of potassium hydroxide 
on ferrosic ammonium carbonate , when the product is dried at 100° its composition 
is 4FeO Fe20 3 5H 2 0, or Fe 6 0 7 5H 2 0 It is readily acted on by air, yielding 
hydrated feme oxide A Kaufmann, L A Welo and 0- Baudisch, F Haber, and 
H Chandra also prepared the hydrated oxide Fe 8 O n wH 2 0, or 2FeO SFe^Og nH 2 0, 
by adding 22 grms of a 20 per cent soln of ammonia with 21 grins of crystalline 
ferrous sulphate dissolved in 200 grms of water, to the boiling soln of 2 55 grms 
of nitnc acid, and boiling for 15 mins — vide supra for the anhydrous oxide J Woost 
measured the potentials of the precipitated hydrates , and P Fireman, 
F J R Carulla, C F Wulffing, A Kaufmann, and F Haber discussed the 
application of the hydrated oxide as a black pigment 
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§ 30 Feme Oxide 

II fait dans un plus grand nombre de substances terreuses encore la fonction de prmcipe 
colorant On pourroit dire, du ramna par rapport au regne mineral que quand la nature 
prend le pmceau, c est trbs souvent le fer oxydd qui est sur la palette — -R J Hauy 

In his Iltpi A idcDVy written 325 b o , Theophrastus referred to haematite, or 
rather aiimrirrjs — from alp a, blood — a min eral so named because it had the 
appearance of having been formed of concreted blood , although, according to 
A H Baumgartner, 1 and K C Schmieder, it is not certain if Theophrastus reall} 
referred to that mineral now known as haematite The ancient Greek also described 
a second kmd of haematite — aiparLTTjs ^avOiq — which had a yellowish-white 
colour, and which was probably a yellow ochre or limomte known for a long time 
as brown haematite In the first century, Dioscondes, m his lie pi vArjs tarpiKrjs 
(5 143, c 40), also mentioned the same mineral , and Pliny, m his Histona naturalis 
(38 25, 37, 38, c 77), said that hcematties is a stone of a blood-red colour which, 
when powdered, yields a tint like that of blood or of saffron Plmy also said that 
schistos and hmuxtites have a certain affimty These varieties were discussed by 
A Nies Virgil, in his iEneid (10 174), thus referred to the deposits of the mineral 
on the island of Elba — Eva insula mexhaustis chalybum generosa metalhs 

(Elba, an island distinguished by inexhaustible iron-mines ) Allusions to hcematiteS) 
or Bhtstetn and schtstos > or Glaslcdpfe , were described by G Agncola, J L Bausch, 
and A B de Boodt 

J G Wallerms 2 described three varieties of this mineral (l) Minera fern 
speculans , (n) Hamafytes ruber , and (in) Ochra tntura rubra — Speglande Eisen- 
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glimmer , R J Hau\, described ( 1 ) Fer oxyde rouge , and ( 11 ) Fer ohgiste , and 
J B L Rome de l’lsle, ( 1 ) hematite , or tene martiale en stalactites , and (n) Mine 
defer grise or/e? speculaire Among the older mineralogists, the term haematite 
included fibrous, stahctitic, and other solid, massive varieties as well as limomte 
and turgite — vide infra J D Dana gi\ es the following classification of the mam 
\ aneties of haematite (i) Specular hcematite — speculante — has a metallic lustre, 
and the crystals are often gloss} or shining — hence the term specular iron , 01 
Eisenglanz, or oligiste When the structure is foliated, the mineral is called 
micaceous hcematite , or Etsenghmmer , and if the micaceous haematite is soft and 
unctuous, it is called EisenraJm The term hcematite is also used for some of 
the less hydrated natural ferric oxides W L von Eschwege, E Hussak, 
F Zirkel, W Haidinger, and A Pelikan called the mineral specular schist, or 
itahvryte — or itahinte — from Itabira, Brazil — is a schist — Eisenglimmer-schiefer — 
cont ainin g much specular haematite m grains or scales, or m the micaceous 
form (n) Compact columnar hcematite , or fibrous hcematite , occurs m radiating masses 
with a submetallic or metallic lustre, and coloured brownish-red to iron-black 
It is also called red hcematite When it occurs m remform masses with a smooth 
fracture, it is called kidney ore, bloodstone , Glaskopf, and Eisenmere (m) Red 
ochre — the RotheisenocJcer of A G Werner — is a red, earthy variety The so called 
reddle or ruddle , Rothel or Rothstein, and red chalk, are varieties of red ochre mixed 
with more or less clay (iv) Clay ironstone — Thoneisenstem — or argillaceous 
hcematite is brownish-black, reddish-brown or deep red, and hard , with a sub- 
metallic lustre or no lustre It is mixed with more or less clay or sand The 
reddish variety with a jasper-like texture is called jaspery clay ironstone , and the 
variety occurrmg in minute, flattened concretions, lenticular iron ore , or fossil ore — 
according to A F Foerste, the oolitic ore from the Clinton group, Ohio — has the 
remains of bryozoai} corals According to A Frenzel, A Breithnupt called a 
variety of jaspery clay ironstone jaspohamatite 

The min eral is very widely diffused m nature , it was analyzed by C F Bucholz, 3 
and J H Hassenfratz At first, the proportion of oxygen was regarded as variable 
— e g , by A Breithaupt, R Kirwan, and A G Werner Analyses were reported 
by A Schmidt, J Loczka, A Koch, J Konigsberger and 0 Reichenheim, 
A F Bramerd, J Konigsberger, F von Kobell, G B Hogenraad, C F Rammels- 
berg, M Dittnch, R Rohrer, A Bergeat, M F Heddle, A J Moses, F Zambonmi, 
etc Artificial preparations were analyzed by C F Bucholz, J L Gay Lussac, 
F Stromeyer, J J Berzelius, T Thomson, J W Doberemer, J SamsonOwicz, and 
H St C Deville The results are m agreement with the formula for feme oxide, 
or iron sesquioxide, Fe 2 0 3 C F Rammelsberg, M Dittrich, R Rohrer, A Schmidt, 
J Loczka, and A Koch found some crystals free from titanic oxide, but several 
others reported the presence of titanic oxide — J J Berzelius, H Rose,F von Kobell, 
L J Igelstrom found in some Swedish samples molybdenum, and thallium , 
W N Hartley and H Ramage observed spectroscopically m various samples, Rb, 
Na, Mn, Cu, Ag, Ca, Pb, Ga, In, Tl, and Ni 

The formation of feme oxide from the colloidal or hydrated oxide, etc , has 
been discussed by J M van Bemmelen, 4 0 Ruff, H Wolbhng, H W Fischer, 
H Stremme, L Hugounenq and J Loiseleur, F F Osborne, A N Zavaritsky, 
M Godlewicz, G W Stose, E C Harder and T C Chamberlin, J Johnston and 
E D Williamson, R B Sosman, and 0 Mugge , and its formation m nature by 
the oxidation of sidente, by H Wolbhng 

What might be called the accidental formation of ferric oxide has been noticed 
under various conditions m chemical and metallurgical processes E Mitscherhch 6 
observed feme oxide crystals m the masonry of a pottery oven where salt was 
used for the glazing , J Knett, in salt-glazed stoneware— infra, aventurine 
glazes , J J Noggerath, in some clay of the Wieliczka salt-mine after some timber 
m the vicinity had been burned , F Kuhlmann, and A des Cloxzeaux, ferric 
chlorides , J F L Hausmann, m the masonry of a blast-furnace m the Harr , 
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J B J D Boussingault, in cavities in a filrnace at Ria, P>renees Orientates 
F von Hochstetter, A Arzrum, H Vater, C F Rammelsberg, and K B Doss in 
the masonr) of the sulphate-furnaces of soda-works of Hruschau, Silesia, and* of 
SchonebecL, Magdeburg , and A Krantz, m the remains of a fire m Hamburg 
J Knett observed that crystals of ferric oxide are formed m salt glazes, and 
W 0 Fearnsides, when the vapours from saltv coals meet atmospheric air in the 
fhebrichs, and when damp iron-stone is calcined m the open by salty coal m the 
interior of the heap , and M Belheie found the crystals on pottery m a salt glazing 
kiln A deposit of cry stallme hematite is formed as a sublimate, covermg all the 
surfaces fairly thickly , and cementing together the neighbouring iron stone blocks 
just where the vapours from the interior meet the air H E Merwm and 
J C Hostetter observed the formation of haematite crystals m the attempt to 
reduce the amount of iron m glass pots by passing chlorine into the covered pot for 
several hours at 1100° , where the effluent chlorine and ferric chloride vapour meets 
the air, crystals of haematite are formed C E Munroe observed the formation of 
haematite m the iron pipes alternately carrying hydrogen chloride and air in 
Deacon’s process for chlorine , W Muller found hematite crystals in the residues 
obtained in the reduction of nitrobenzene to aniline A Pa)en found crystals of 
specular ferric oxide in the iron rust of a building reputed to be 700 to 800 years old 
The deposit of ferric oxide which appears on glass globes and reflectors of gas 
hmps is attributed by H E Roscoe and L T Thorne, H Morton, and A Guntz 
to the decomposition of traces of iron carbon) 1 m the gas w hich w a s formed from the 
iroi used as desulphurizing agent 

The preparation of feme oxide — Ferric oxide is the end-product of the 
oxidition of iron, of its lower oxides or h) dioxides, and of man) of its salts In 
some cases the product is veil crystallized, and m other casts it appears as an 
amorphous powder, although J A Hedvall 6 pointed out that the oxide is always 
erv stallme even when it ippears as an impalpable powder A Arzrum has compiled 
a bibliograph) of the modes of preparing artificial crystals of haematite As pointed 
out by E L Schubarth, the early chemists knew that when iron is roasted m air, 
it forms ferric oxide- i ide supra W Gunther, and D Tassaia described technical 
applications of the process of oxidation , and R O Sntllenberger found that the 
presence of ferrous or cupric sulphate accelerates the oxidation of iron by air 
P Sabatier and J 13 Senderens observed that iron reduced by hydrogen at a 
low temp , when heated to 200°, burns with incandescence, forming ferric oxide, 
L W Winkler, P P Budmkoff, andW Muller made analogous observations Burnt, 
p^ rophonc iron was found bv J A Hedvall to ) leld ferric oxide when it is heated to 
1000° in air According to F P Fedot eefi and T N Petrenko, the end product 
of the oxidation of iron m air at 1000° to 1100° is ferric oxide, and ferrous and 
ferrosic oxides are formed as intermediate products C N A de Haldat du Lys 
stated that steam acts on iron turnings at a red heat, forming rhombohedral crystals 
of feme oxide, but H \ Regnault obtained ferrosic oxide, not ferric oxide by this 
procedure H Arctowsk) obtained crystals by the action of the vapour of 
ammonium chloride and air on red hot iron J L Gay Lussac passed the vapour 
of nitric acid over red hot iron and obtained ferric oxide , P Sabatier and 
J B Senderens found that iron, reduced by hydrogen below 400°, burns vigorously 
in contact with nitrogen peroxide, forming ferric oxide , and iron reduced at a 
uuh red heat requires heating to 340° for complete oxidation F Emich said that 
9 /vy* iron Seated 111 d current of nitric oxide forms ferric oxide, but at 

Sabatier and J B Senderens s?id that the product approximates to ferrous 
oxide According to L Haekspill and R Grandadam, if iron is heated with alkali 
hydroxide, carbonate, nitrate, or sulphate m vacuo, it is oxidized to ferric oxide 
S Meunier found that large, glistening plates of feme oxide are produced when an 
hamate mixture of potassium dichromate, ferrous carbonate, and iron (148 , 

t rw? 8** ^ covere ^ W1 *h a er cryolite and strongly heated m a crucible 
Utt likewise obtamed crystals b) cooling a soln of iron in molten sodium hepta- 
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moly bdate A C Becquerel covered an iron plate with a paste of lead chromate, 
then cemented thereon a glass plate so as to prevent the evaporation of water, 
and found that crystals of both ferric and ferrous oxides are formed as well as 
iron chromate and lead oxide C Monnett, and R Lorenz obtained the hydrated 
oxide bv using an iron anode m the electrolysis of a soln of alkali chloride 

The lower oxides, and the hydrated oxides generall} furnish ferric oxide when 
roasted m air T W Richards and G P Baxter obtained the oxide of a high 
degree of purity for their at wt determinations bv roasting the h} drate precipitated 
by ammonia from a soln of the nitrate Analogous processes were employed bv 
A h Benton and P H Emmett, A Simon and T Schmidt, and C R A Wright 
and A P Luff 0 Monnett also oxidized hydrated ferrous oxide G Fnedel 
obtained ferric oxide pseudomorphous with magnetite by beating magnetite for 
several hours in the oxidizing blowpipe flame J Gill, and J Laux oxidized 
magnetite W C Hansen and L T Brownmiller observ ed that precipitated ferric 
oxide changes to haematite at 300° The natural haematites contain a deficiency of 
oxygen eq to 0 4 to 5 0 per cent of ferrous oxide Such a product requires 
heating m air for a long tune before it takes up enough oxy gen to approach ferric 
oxide m composition E Greuhch found 1 hour s heatmg at 1200° will suffice, 
but at 1000°, 100 hrs are necessary O Bauch sch dissolved iron, derived from 
the carbonv 1, m h} drochloric acid, and obtained y-Fe 2 0 3 OH, by autoxidation 
m the presence of pyridine This on deh> dration gave what he called active iron, 
y Fe 2 0 3 C M Loane made the active oxide b) the low temp oxidation of 
py rophonc iron 

A Frenzel also heated m a covered crucible the hydrated oxide contami 
nated with much ammonium chloride and obtained rhombohedral cry stals , and 
E Millosevich observed the formation of the crystals around furma roles emitting 
\apours of iron chloride T L Phipson prepared crystals smulai to those found 
on Vesuvius, bv the action of the vapour of ammonium chloride on ferric oxide at 
a high temp H Arctowskv also obtained haematite crystals de la plus grande 
beaute in a similar way W Bruhns obtamed red hexagonal plates by heatmg m a 
sealed tube a mixture of water, hydrated ferric oxide mixed with a little ammonium 
fluoride , C Doelter, and G Fnedel obtamed a similar crystal by working without 
the ammonium fluoride at 450° to 500° — at about 280°, powdered ferric oxide is 
formed P P Budmhoff and K E Krause found that all the water is expelled 
from the h) drate at 630° The preparation of feme oxide by heating the hydrated 
oxide m various wa}s was described by H and W Pataky, J Laux, H F Saunders, 
A R Davis, 0 S Neil, W H Giles and H A "Wilson, R and C Stemau, G Lunge 
and F M Lyte, J Gill, P Fireman, and J F N Macay , and by heatmg the 
hydroxide with water, by N M Culloch, and T Storer and C J A Taylor 
R Willstatter and co workers prepared ferric h}droxide from ferric ammonium 
alum, ammonia, and ammonium sulphate m weakly alkaline soln , and dried it by 
acetone H de Senarmont heated hydrated ferric oxide suspended m water or 
m a sat soln of sodium or calcium chloride for 48 hrs at 200°, or 8 days at 160° 
to 180°, and obtained ferric oxide as a red powder, by w orkmg at 300° , some tabular 
crystals were foimed Similar results were obtained by heatmg a soln of ferric 
chloride with sodium or calcium carbonate , and H N Stokes, likewise, by heating 
pyrite or marcasite with alkali 1} e A Vesterberg obtamed pseudomorphs of 
ferric oxide after ferric sulphate by heatmg h) drated ferric oxide, prepared as a 
pseudomorph after feme sulphate 

J D Hedvall prepared ferric oxide of different colours bv roasting ferrous 
sulphide for 4 hrs at 600° , pyrohotite for 10 hrs at 700° , and marcasite for 
6 hrs at 700° Likewise, also, by roasting ferrous sulphate for 9 hrs at 700° , and 
ammonium ferrous sulphate for 5 hrs at 700° and then 3 hrs at 1000° A Gorgeu 
obtained feme oxide crystals by heating ferrous or ferric sulphate or a mixture 
of the two m fused sodium sulphite J A Rea veil, and O S Neill obtained 
the oxide for use as a pigment m this way and E Mitscherlich, M Lachaud and 
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C Lepierre, and H 0 Hofman and W Mostowitsch obtained crystals of haematite 
by roasting ferric sulphate, or ammonium ferrous sulphate V Rodt found that 
the hydroxide obtained by oxidizing hydrated ferrous or feme sulphide is EeO(OH) 
and free sulphur, no EeS 2 is formed If the product is heated to 210°, the oxide is 
ferromagnetic A Matthiessen and S P Szczepanowsky mixed purified ferrous 
sulphate and dried sodium sulphate m nearly equal proportions, and introduced it 
gradually into a red-hot platinum crucible Tbe mass was kept m fusion until the 
evolution of sulphur dioxide ceased The crucible was then allowed to cool, and 
the fused mass extracted with water If the temp be properly regulated, the 
whole of the iron was left as a very fine crystalline oxid e This oxide was thoroughly 
washed by decantation in order to remove every trace of the sodium sulphate 
C E Rammelsberg, and A Ditte used sodium chloride in place of sodium sulphate 
Processes involving the production of iron sulphates and the conversion of the 
sulphate to feme oxide, so as, in some cases, to recover the sulphur, were described 
by R Phillips, J C Heckman, E A Parnell, K Shibata and T Kohno, 0 S Neill, 
J Leech and J Neale, T Teireil, C V Bacon, R Yidal, C A Weeks, A J Moxham, 
J McFetndge, M N d’Andria, E E J Duclos, and A Crossley and H A Allport 
E Wibel found that a soln of copper and feme sulphates, heated to 210° for 10 hrs , 
furnished scaly crystals of feme oxide 

The various halides of iron furnish feme oxide when heated in air or oxygen 
J L Gay-Lussac heated molten ferrous chloride m a stream of oxygen and found 
that chlorine was evolved and ferric oxide formed , with moist air in place of oxygen, 
some hydrogen chlonde was also evolved J A Hedvall found that 4 hrs at 600°, 
or 1 hr at 1000°, sufficed A Gorgeu heated ferrous chlonde m a partially closed 
crucible, and obtained feme oxide at a dull red-heat and ferrosic oxide at a bright 
red-heat H Schulze studied the reaction A Dubom prepared red plates of 
feme oxide from a molten mixture of ferrous chloride, and potassium hydrofluoride 
and fluonde J A Hedvall roasted ammonium ferrous chloride 4 hrs at 600°, 
and obtained feme oxide , and E Stimemann obtained microscopic, hexagonal 
plates by heatmg feme oxychloride, FeOCl, at 450° m a sealed tube J L Gay 
Lussac, and H Schulze also obtained feme oxide by heatmg feme chloride m a 
current of oxygen, G E Huttig and H Garside washed out any unchanged 
chloride with alcohol T Katsurai and T Watanabe obtamed crystals with the 
structure of haematite by heatmg a sob of feme chlonde m an autoclave at 150° 
J L Gay Lussac prepared crystals of feme oxide resembling the so-called sublimed 
hamatvte found on the walls of the crater of Vesuvius, by decomposmg heated feme 
chlonde by steam , he assumed that the mineral is formed m nature by the action 
of steam on a mixture of sodium chlonde and iron sulphate , and that silicates m 
the presence of sodium chlonde are decomposed by steam R Bunsen discussed 
the products, and E Stimemann, the process M Coppola, E A Parnell, 
E W Wescott, S J Levy and G W Gray, D Tyrer, and P Tschirwinsky 
also prepared the crystals by J L Gay Lussac 5 s process H E Merwin and 
J C Hostetter observed the formation of crystals of haematite m the removal of 
iron from fireclay pots at 1000° to 1100° H St C Deville found that amorphous 
feme oxide becomes crystalline if it is heated to redness m a current of hydrogen 
chlonde , this is supposed to explam how crystals of feme oxide have been formed 
m the cavities of volcanic lava The habit of the crystals varies with the temp , 
and W Bruhns obtamed rhombohedral prisms of feme oxide along with some ferrosic 
oxide by working at about 960° P Hautefeuille and A Perrey passed a mixture 
of hydrogen chlonde and steam over amorphous feme oxide and obtamed crystals 
resembling haematite As indicated above, T L Phipson, A Frenzel, G A Kenn- 
gott, and H Arctowsky obtained crystals of the oxide by the action of the vapours 
of ammonium chlonde on feme oxide at a high temp E Weinschenk observed 
some feme oxide crystals are formed m the synthesis of pyrites from a mixture of 
feme oxide, sulphur, and ammonium chlonde A Daubree also obtamed the 
crystals by the action of the vapour of feme chlonde on heated quicklime J M van 
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Bemmelen and E A Klobbie thought that calcram ferrite is more likely to be 
produced J Durocher prepared the oxide by heating to redness a mixture of 
ferrous chloride and am m onium carbonate — some ferrosic oxide is formed at the 
same time , and M Kuhara, by the action of soln of iron chlorides or sulphates 
on carbonates or silicates at 100° — E Klemm could not \erify this A J Evans, 
and E Mitscherlich obtained feme oxide by heatmg the nitrate , and A F Benton 
and P H Emmett recommended 135 hrs at 525° , whilst J A Hedvall said the 
reaction is completed m 4 hrs at 700°, and in 1| hrs at 1000° T W Eichards 
and G P Baxter said that the product is practically free from gas after being heated 
many hours at 900° Dark red, finely powdered feme oxide was obtamed by 
F K Bell and W A Patrick by heatmg the basic nitrate 2 hrs at 900°, and 1 hr 
more at 900° after powdering the product B Lambert and J C Thomson heated 
the nitrate m iridium m preference to platinum vessels 

L Brandt recommended the following process for preparmg feme oxide of a 
high degree of purity, and for us&m the standardization of the soln used m the 
volumetric determination of iron H Kinder said that the process does not remove 
phosphorus if it be present m the initial products 

Iron as free as possible from phosphorus and cobalt is dissoh ed m hydrochloric acid, 
and after dilution and precipitation with hydrogen sulphide the filtrate is evaporated to 
a small \ol oxidized with nitric acid, evaporated to dryness with hydrochloric acid, dis 
solved in water, and extracted with ether -whereby an ethereal soln of ferric and ferrous 
chlorides is obtamed The ether is distilled off and the residue dissolved m a httle dil 
hydrochloric acid is completely reduced with sulphur dioxide with the addition of a trace 
of iodine and the clear ferrous chloride soln precipitated with an excess of ammonium 
oxalate The ferrous oxalate after thorough washing is finally ignited m quartz glass 
vessels to constant weight 

G Schmidt, J Pelouze and E Fremy, and F Duftschmidt produced feme 
oxide by roasting ferrous carbonate , and J A Hedvall added that 4 hrs at about 
700°, or 2 hrs at 1000°, may suffice O L Erdmann and E F Marchand, and 
O Pattenhausen obtained finely divided feme oxide by heatmg ferrous oxalate 
to redness in air or oxygen , A Vogel recommended 200° , and H Moissan, a dull 
red heat J A Hedvall discussed the effect of time and temp on the colour of the 
product— vide infra The process was also examined by T W Eichards and 
G P Baxter, G Frebold, H Kinder, and L Brandt — mde supra J M Ederand 
E Valenta recommended roasting ammonium feme oxalate at 160° to 170° , 
J A Hedvall, feme acetate for 6 hrs at 700°, or 2 hrs at 1000° V N Ipatieff 
and W Werchowsky precipitated feme oxide from soln of feme acetate at 350° 
by hydrogen at 230 atm press , and at 400°, by hydrogen at 420 atm press 
L Brandt, and A Terreil obtamed feme oxide by roasting potassium ferrocyamde , 
V N Ipatieff and I N Kondyieff, by the action of hydrogen under press on 
a soln of feme thiocyanate , and A Mittasch and co-workers, by oxidizing iron 
carbonyl 

G Eose, C Doelter, and W Florence observed that some six-sided plates of 
feme oxide were formed when feme oxide is heated with borax in the oxidizing 
flame of a blowpipe C von Hauer obtamed crystals of hsematite by heatmg a 
mixture of powdered feme oxide and borax, and washing the product with hydro 
chloric acid F Fouque and A Michel Levy observed that feme oxide crystals 
are often formed when ferruginous silicates are melted, but J H L Vogt observed 
that crystals of feme oxide are rarely, if ever, found in ordinary furnace slags 
According to J H L Vogt, and F W Clarke, feme oxide can separate from 
silicate magmas only when ferrous compounds are either absent, or present only 
in subordinate proportions, because ferrous oxide unites with ferric oxide to form 
magnetite Hence, magnetite is characteristic of rocks rich m ferromagnesian 
minerals, while hsematite occurs chiefly ul the more siliceous and felspathic granites, 
syenites, trachytes, rhyolites, andesites, and phonolites , and it is also found in 
the crystalline schists , magnetite, however, is the more common pyrogenic mineral 
In igneous rocks, as F W Clarke has shown, ferrous oxide generally exceeds the 
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feme oxide — the proportions being roughly as 1 3 10, and this excess seems to 
determine the more frequent formation of magnetite Ferric pynte, and ferrous 
pyrrhotite appear to follow the same rule of association J Morozewicz also 
observed that ferric oxide is formed only m silicates with a low proportion of ferrous 
iron, and is produced by melting acidic rather than basic silicates 

Spangles of what is possibly ferric oxide are frequently developed in pottery 
glazes highly charged with ferric oxide , and when deliberately produced, the 
products are called aventunne glazes , sunstone glazes, etc , though aventurme effects 
are produced m glazes and glasses m other ways In the case of glazes highly 
charged with feme oxide, the firing temp and rate of cooling are important factors 
in producing the effects The subject was discussed by H Madder, P Ebell, 
L Petnk, etc The formation of feme oxide m molten silicates was also examined 
by F Angel, C Doelter, Y Hammerle, G Medanich, J Morozewicz, K Petrasch, 
H H Reiter, and J H L Vogt F Kuhlmann cr} stalhzed the oxide from molten 
calcium chloride , and F Parmentier, from molten potassium molybdate 
H B Kosmann described a deposit of strongly magnetic limonite at Harteberg, 
Silesia , the hydrated feme oxide contained no ferrous oxide, and he ascribed the 
ferromagnetic property to a “ peculiar molecular grouping ” Ferromagnetic 
haematite occurs as a light chocolate brown powder m the gossan deposit at the 
Iron Mountain, California, and M Sarzeau, and J L Smith described minerals 
which may have been ferromagnetic ferric oxide, but the evidence is not clear 
P A Wagner observed it near Johannesberg, South Africa, and the deposit was 
described by G Gilbert P A Wagner proposed to call it maghemite The term 
oxymagnite was suggested by A N Wmchell G FreboldandJ Hesemann believe 
that the ferromagnetic haematite is formed m nature only under a restricted supply 
of oxygen up to the temp of 320°, whilst ordinary haematite is produced at a lower 
temp J Huggett observed that natural haematite and martites always contamed 
some magnetic oxide 

J Robbms described the preparation of a ferromagnetic feme oxide, Fe 2 0 8 , 
by the oxidation of magnetite bv heatmg it m air, or by fusing it with potassium 
nitrate He showed that the product was free from ferrous iron, and that it could 
not m consequence owe its magnetic properties to the presence of ferrosic oxide, 
as is the case with ordinary magnetic haematite The magnetic variety was also 
prepared by F J Malaguti by the oxidation with potassium chlorate of ferrous 
hydroxide and other hydrated iron oxide, and subsequent ignition W L Dudley, 
0 Hauser, and A Frenzel also obtained it by heatmg hydrated ferric oxide 
A Liversidge observed that some specimens of iron rust are ferromagnetic even 
when free from ferrous iron This product was also obtained by E F Herroun 
and E Wilson R Chevallier heated in air, at 350°, commercial, powdered, black 
magnetic oxide containing some free iron H Abraham and R Planiol reduced 
feme oxide with hydrogen or carbon monoxide at 500°, and obtained magnetite 
which on rapid re oxidation at high temp gives red, paramagnetic ferric oxide, 
but on slow oxidation m air at 200° to 250° gives yellowish brown, strongly magnetic 
feme oxide R B Sosman and E Posnjak prepared the ferromagnetic oxide by 
oxidizing precipitated ferrosic oxide, and also by dehydrating lepidocrocite, 
Fe 2 03 whilst they found that dehydrating goethite, Fe 203 ,H 2 0 , gives only 
paramagnetic feme oxide J Huggett obtained analogous results 

E Wedekind and W Albrecht concluded that the hydrated oxides are always 
more magnetic than the corresponding oxides , that in the range of 22 to 43 per 
cent of water, the magnetic susceptibility decreases as the water of hydration 
increases , and that oxyhydrates, like artificial goethite, precipitated m the usual 
manner and heated in an autoclave, at various press , are ferromagnetic — vide 
tnfm, kvdrated feme oxide This subject was discussed by E F Herroun and 
£ i w *G C ^udronandA Girard, G Gilbert,W H NewhouseandW H Callahan, 
\, A Wagner, W H New house, and L H Twenhofel L A WeloandO Baudisch 
obtained the ferromagnetic oxide by precipitating hydrated ferric oxide from a soln 
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of eq proportions of ferrous and feme sulphates, b} means of m excess of a hot, 
cone soln of sodium hydroxide The black precipitate is then washed, dried, 
and oxidized at 220° to 230° m air 0 Hauser, A Kaufmann and F Haber, and 
S Hilpert prepared the ferromagnetic oxide b} oxidizing magnetite, or ferrous 
hydroxide, with soluble, oxidizing agents R Chevallier treated cone soln of 
ferrous sulphate with an excess of sodium hydroxide, and oxidized the resulting 
ferrous h> droxide b\ hydrogen dioxide The precipitated oxide was dried several 
weeks m vacuo The more cone the soln of sodium hydroxide, and the greater 
the excess, the more highly magnetic was the resulting ferric oxide The optimum 
temp of precipitation was 45° to 50° , when the precipitation was made at a higher 
temp , the product was less magnetic R Chevallier added that these products 
lost their ferromagnetic qualities if heated to 100° for an hour, or to 200° for a few 
minutes, whereas the ordinary forms of ferromagnetic ferric oxide retain their 
magnetic qualities up to about 600° O C Ralston considers that R Chevallier 
produced some sodium ferrite, or ferrate, which contaminated his ferric oxide, and 
that the observed magnetism was due either to these products directly, or to their 
decomposition products S Veil obtamed ferromagnetic ferric oxide by oxidizing 
ferrous sulphide suspended in water, and afterwards dehydrating the resultmg 
hydrated ferric oxide , C L Jackson and J H Derby, by roasting ferrous iodide , 
L V Pratis, by heatmg a mush of ferrous sulphate obtamed by the action of iron 
on dil sulphuric acid , M Sarzeau, by boiling a soln of ferrous hydrocarbonate , 
F Frankenburger and co workers, by the action of water on lithium ferric nitride, 
Li 3 FeN 2 , F J Malaguti, and E F Herroun and E Wilson, by roasting ferrous 
oxalate, citrate, or tartrate, or ferric acetate 

U R Evans 7 obtamed films of feme oxide on strips of iron by anodic oxidation 
m 0 1 Y-NaOH , or by dipping the iron m a soln of lodme in a 10 per cent soln 
of potassium iodide A Krause obtamed films on glass and porcelain from 
hydrosols peptized by acids A Kundt obtamed films by cathodic spluttering of 
iron m a tube not completely freed from oxygen W N Hartley obtamed films 
in an analogous manner , F H Constable, by heatmg a layer of a paste made of 
ferrous oxalate or feme oxide with oleic acid, and subsequently oxidizing the 
film of grey iron , and H Zocher and K J acobsohn by the slow hydrolysis of 
feme chloride soln Y Kohlschutter and J L Tuscher, G Jander and A Wmkel, 
and S S Kistler prepared an aerosol by vaporizing the metal m an electric arc, 
and carrying the vapour by a current of air, or other gas, into a chamber where 
it is suddenly chilled A Mittasch obtamed the finely-divided oxide by bur ning 
iron carbonyl alone or mixed with other combustible or inert gases J Y Johnson 
sprayed the carbonyl mixed with a combustible vapour, say alcohol, into a spray 
of air or oxygen, and ignited the mixture with platinized asbestos W E Gibbs, 
and S S Kistler studied the aerosol 

Feme oxide is produced as a by product m the roasting of pyrites to obtain 
sulphur dioxide for the manufacture of sulphuric acid 4FeS 2 + 1 1 0 2 ~2Fe 2 0 3 
+8S0 2 Ferric oxide is also formed when iron, or ferrosic oxide, or hydrated feme 
or ferrous oxide is heated for a considerable time m contact with air, and the 
product was once called crocus martis adstnngens , while the ferric oxide obtamed 
by deflagrating a mixture of iron filings with three times its weight of nitre, and 
removing the soluble alkali by washing with water, was called crocus martis zwdferi , 
and the feme oxide obtamed by igniting ferrous or feme sulphate was called 
colcothar , and also caput mortuum mtnoh Yellow or yellowish red ferric oxide 
was generally called crocus martis , a term which appears in the Latin version of 
Gebert 8 “ Mars is filed and ealemed until it is well rubified and become an im- 
palpable powder which is called crocus martis ” L Lemery called the black oxide 
of iron cethiops martis , Basil Valentine, and A Libavius describe the preparation 
of these red oxides m various ways J Zwelfler, in 1652, obtamed what he called 
crocus martis b} heating iron with nitre and afterwards washing out the soluble 
matters In the sixteenth century the caput mortvum mtnohs of the alchemists 
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was also a by product m the preparation of fuming sulphuric acid (q v ) Basil 
Valentine called it colcothar or cokhotar E 0 von Lippmann discussed the 
origin of the terms 

According toF E E Germann, the red pigment employed by the prehistoric 
North American Indians was haematite The roasting of ferrous sulphate, obtained 
m the weathering of iron pyrites, furnishes ferric oxide for use as a pigment , and 
the pigment is also obtained from waste acidic liquors m the pickling of iron, etc 
The ferrous salt is oxidized to the ferric state by mtnc acid or bleaching powder, 
and the feme hydroxide precipitated by lime Feme oxide is produced by roasting 
ferrous oxide, carbonate, or other salt of a volatile acid — e g T L Phipson, and 
A Vogel recommended the oxalate 

The physical properties of feme oxide — The colour of the feme oxide is 
determined by the time and temp of the roasting of the ferrous salt J A Hedvall 
said that the possible colours range from bright yellow to bluish-black He said 
that when ferric oxide is heated at 650° to 1000° all the varieties become brown or 
dark violet, and above 1000°, they become black or bluish-black This statement 
does not cover the facts A Salvetat found that the orange red feme oxide, or 
rouge mange, can be obtained only when some zinc or aluminium salt is associated 
with the ferrous sulphate, and the mixture is calcined at a dull red-heat — rouge 
sombre L A Keane, J H Yoe, and F H Scheetz attributed the yellow colour 
of some pigments and of bricks to the very finely divided feme oxide being prevented 
by alumina from agglomerating to red feme oxide Free alumina, however, is 
rarely present in the brick clays, which burn buff-yellow According to A Salvetat, 
a nasturtium-red, or rouge capucme , is produced by calcining the ferrous sulphate 
at the lowest possible temp , dull redness , a blood-red, or rouge sanguine , is pro 
duced if the temp be rather higher than dull redness , flesh-red, or rouge de chair, 
is obtained at a still higher temp , and by working at progressively higher and 
higher temperatures, the colours pass from carmine-red, or rouge carmine, to red- 
lake or rouge laquex , to pale violet red, or rouge molatre pale, to violet-red, or rouge 
molatre, which is obtained at a very high temp Darker tints are produced by 
associating more and more manganese salt with the ferrous sulphate, and calcining 
the mixture at a very high temp In this way were obtained deep violet red, or 
rouge molatre fonce , very deep violet-red, or rouge violatre tres fonce , and iron 
grey, or gns defer Certain manufacturers have specialized m producing particular 
tints, and the products have received special names — e g Pannetier’s reds, etc 
The varying colours of the feme oxide are, according to L Wohler and C Condrea, 
determined by the average gram-size of the particles rather than by variations 
m the mol structure Thus, brown and violet samples can be changed to yellowish 
red by alternate grinding and washing , and G Meir obtained low-temp tints by 
separating the finest particles from deep reds prepared at a high temp W Ostwald 
suggested a similar hypothesis J A Hedvall assumed that there are several 
stable, crystalline modifications of feme oxide, and that the difference m the 
reflection of light from crystals of different shapes accounts for most of the differences 
in colour The bright yellow variety consists of thin plates, and the others, of small 
grains gr prisms All varieties give the same X-radiogram, and belong to the same 
crystal system The subject was studied by H Wagner When the light-yellow 
form darkens at 600°, the leaflets lose their forms and become granular The 
subject was discussed by J W Mellor 

A range of various shades of red is produced by roasting hydrated iron 
oxides, eg the ochres, to furnish burnt ochre, sienna-earths, to furnish burnt 
sienna, and umbers, to furnish burnt umber The colours have also received 
various trade-names — e g Chinese red, Naples red, terra rosa, Indian red, Venetian 
red, Japanese red, Turkey red, and scores of other terms are indicated in the trade 
catalogues The so-called sequence of colours, mars yellow, mars orange, mars red, 
mars moist, and mars brown , were obtained in a srrmlftr way Each dealer has 
more or less his own names for the different tints, and these are not necessarily the 
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same as those of another dealer’s Thus one dealer s caput mottuum ma> be another 
dealer’s colcothar, and vice versa The Japanese red obtained by roasting gres de 
Tkiviers , a ferruginous hydrated silica, is famed for its relatively great permanence 
of tmt at a high temp The dominant colourmg oxide m all these cases is ferric 
oxide associated with more or less f errosic oxide W H Bruckner obtained Turkey- 
red tmted feme oxide by anodic oxidation m a soln of sodium sulphate 

According to R B Sosman and J C Hostetter, these two oxides form a con- 
tinuous series of solid soln A Bouchonnet found similar relations between the 
different tints of a given ochre and the roasting temp , as those obtained by cal- 
cining ferrous sulphates The colour of the ochres gradually deepens on heating 
from 100° to 250°, and between 230° and 260° changes sharply from yellow to red 
The transition temp depends on the particular ochre employed Above this temp 
the colour deepens up to 700° to 800° , and at about 900°, there is a marked 
contraction Between 1000° and 1100°, the colour usually changes to black as 
feme oxide is changed to magnetic or ferrosic oxide The duration of the heating 
influences the colour only below 700° and above 1000°, and the rate of cooling has 
no influence on the tmt The sp gr gradually increases from the natural yellow 
ochre upwards with temp to 1600° The plasticity also decreases with nse of temp , 
and disappears completely at 800° to 850° The yellow and red ochres are soluble 
m acids, but the varieties obtained above 950° are insoluble in cold or hot acids — 
exceptmg the hydrofluoric acid The ochre from Vaucluse becomes magnetic even 
while still yellow, and this is assumed to show that an a-vanety of ochre exists 
The magnetic property disappears on prolonged heating, but reappears at 1600° 
In general, the colour changes are attributed to differences in the average grain- 
size, rather than to differences m the degree of dehydration According to 
T Camelley and J Walker, the dehydration of the hydrated feme oxides is complete 
at 500°, so that only below that roasting temp can the tmt of the pigment have 
any relation to the state of hydration of the product 

According to G R MacCarthy, the natural yellows, browns, and reds in Tocks 
are due to the presence of feme compounds Hydrous ferrosic minerals are blue 
m colour, and are responsible for the blues frequently exhibited by clays and shales 
These tints are not produced by disseminated orgamc matter The greens are 
produced by mixture of iron-blues and iron-yellows, for no evidence of the existence 
of any smgle green compound has been found The chocolate-red of hsematite 
sometimes approaches purple, but the true purple colours of shales and slates are 
produced by mixtures of iron-reds and iron-blues Anhydrous ferrosic compounds 
produce only greys and blacks, like the carbonaceous matter that is generally present 
in black, argillaceous rocks The subject was discussed by D S Hager, P Fire 
man, and H Wagner A Yeneuil said that the sapphire owes its colour to feme 
and titanic oxides 

The green colour of the old Chinese, and Japanese celadon (or seladon) glazes 
can be imitated by firing suitable ferruginous glazes in the reduemg atmosphere 
A blue colour sometimes appears m glasses, glazes, and slags when they are partially 
devitrified I must say that the blue opalescence effects on red Chin ese glazes, and 
hundreds of glazes and slags which have come under my notice, do not require any 
hypothesis other than incipient devitrification, suggested by J Fojimet, to account 
for the results However, others have seen differently B Sifliman said that 
ferrous oxide can impart a blue colour to vitreous bodies, and R Zsigmondy 
prepared blue glasses coloured with iron oxide under reduemg conditions J Beck- 
mann described blue glasses which he supposed were produced by iron oxide as 
tinctorial agent, and he quoted the analyses of J F Gmelin to show that blue 
colours can be produced on glasses, and enamels, and that the blue pigment on 
Chinese porcelain contains iron, but not cobalt He also obtained similar results 
with some old Roman, blue tiles, and with some blue paint on an Egyptian mummy 
J J Ferber also described blue volcanic slags and scorise which U F B Bruckmann 
said were probably used by ancient glass makers to produce blue colours 
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C J B Karsten, and J J Berzelius considered the blue colour of the shgs was 
produced by titanic acid , C J B Karsten also referred the blue colour in some 
cases to /anadium, and m others to a kind of artificial ultramarine J Fournet 
M Dartigues, and J Percy attributed the colour to the presence of iron oxide* 
G Bontempts also showed that iron oxide can impart a blue coloiation to gW 
and C Mene observed that the blue colour mav be developed m slags containing no 
tartaric acid M E Chevreul favoured L C A Barreswil s assumption that there 
is a blue coloured oxide of iron intermediate between ferrous and ferric oxide 
G R MacCarthy argued that the green colours produced by iron oxide are derived 
from the blue and yellow component oxides K A Hofmann and F Ret>enscheck 
W Spring, and G R MacCarthy considered that “ ill iron salts which are of a 
decided blue colour contain both ferrous and ferric iron in the same molecule * 
This agrees with the observations of M E Chevreul, J F Persoz, and J Napier 
W D Bancroft and co woikers have prepared borate glasses coloured blue by iron 
oxide, and they attribute the coloration to the existence of an unstable blue 
modification of ferric oxide which is stabilized chiefly by feirous oxide, and also by 
other substances They report that m alkali borate glasses, ferrous oxide is colour- 
less, ferric oxide is yellow, and mixtures of the two may be blue or green If the 
ratio of ferrous to ferric oxide reaches 3 m borate glasses, the blue glass is almost 
free from a green tinge, and when the ratio reaches 4, the blue is well developed 

A Nabl, and E F Holden referred the colour of citrene to the presence of sub 
microscopic hydrated ferric oxide, and a pink variety of quartz contained 
inclusions of red haematite of microscopic dimensions W Spring attributed the 
yellow colours of sedimentary rocks to hvdrated ferric oxides , the reds to anhydrous 
ferric oxide , and the greens to ferrosic silicates Colours obtained with special 
mixtures have also been described Thus, T Terreil obtained a red colour from a 
mixture of ferrous sulphate and sulphur, and the sulphur dioxide produced 
4 FeS 04 +S^= 2 Fe 2 0 3 + 5 S 0 2 , was used m the manufacture of sulphuric acid 
M N d’Andna obtamed a colour by roastmg a mixture of magnesium and ferrous 
sulphates , and others were described by N McCulloch, A Bunterock, H Stem, 
etc , and the manufacture of these colours is indicated m books, etc , by F Rose* 
J G Gentele, G Zerr and R Rubencamp, H Wagner, G H Hurst, S Mierzmsky* 
and J A Reavell 

The colour of the ditrigonal scalenohedral and rhombohedral crystals of hematite 
is dark steel-grey or iron-black, and in thm layers it is blood red by transmitted 
light , when earthy, the mineral is red In layers of about 0 02 mm it is transparent 
for red light, but m thinner layers it becomes transparent to most of the spectral 
rays of visible light When warmed, the transparency decreases, but is recovered 
on cooling C F Schonbem, 9 F Muck, and E J Houston noticed that the colour 
of feme oxide deepens as its temp is raised The reversible colour change which 
occurs at 650° was discussed by J A Hedvall The streak of powdered mineral is 
cherry-red or reddish-brown J L C Schroeder van der Kolk said that the red 
streak becomes black when hot, and on cooling, red The crystals of hae ma tite 
are opaque except in thm layers M Lachaud and C Lepierre obtained feme oxide 
m yellow hexagonal plates by heatmg ammonium ferric sulphate According to 
E A Wulfing, the mineral is opaque down to a thickness of 0 1 mm , and then the 
colour passes from deep red to yellowish red, and yellowish-grey 0 Anderson 
obtamed plates of haematite 0 thick, and found them to be yellow by transmitted 
light , with plates of increasing thickness, the colour passes from reddish-brown, 
to deep brownish red, to blood-red As indicated above, L Wohler and C Condrea 
also found that if the gram size of the particles is small the colour is yellow , if larger, 
red W R Mott prepared anhydrous red and yellow ferric oxide by volatilization 
fche gram-size of the yellow particles to be the smaller Accor din g to 
J Bohm, an X-ray study of ferric oxide shows that the calorescence or glow which 
may occur accompanies the transition of the material from the amorphous to the 
crystalline state G Chaudron and H Forestier found that the glow which occurs 
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between 400° and 600° is also attended by the change from the amorphous to the 
crystalline state The variation m tint of preparations of pulverulent ferric oxide 
has just been discussed 

The observations of H Abraham and R Plamol, R Chevallier, R B Sosman 
and E Posnjak, and E Wilson and E F Herroun agree that ferromagnetic ferric 
oxide — mde infra — is inclined to be yellower, and darker m colour than is the case 
with the ordmarv paramagnetic oxide E Wilson and E F Herroun prepared 
samples ranging m colour from deep red to yellowish-brown , L A Welo and 

0 Baudisch, dark red , C Frebold and J Hesemann, reddish-brown , whilst that 
obtained by F Frankenburger and co workers by the action of water on lithium 
nitride is almost black 

The mineral occurs m columnar, botryoidal, lamellar — e g flaky specular ite — 
granular, friable, or compact masses The compact forms are brittle, the thin 
lamellae are elastic , and some scaly varieties feel soft and unctuous The fracture 
is subconchoidal, uneven, or earthy N H Wmchell and W S Gresle} described a 
form of fibrous haematite The crystals may occur m thick or thin plates parallel to 
the (0001) face, and they may be grouped m parallel positions or they may form 
rosettes There may be other combinations The cr} stals also occur m cube like 
rhombohedra, with the rhombohedral (1014)-face striated, and often rounded over 
m convex forms The (0001) faces may also be striated Hematite may also 
form columnar, botryoidal, or stalactitic shapes, or it may form lamellar masses 
vith the thick or thin lamina joined parallel to (0001), and bent m various wa}s 
Some observations on the rhombohedral cr} stals were made b} R J Hauy, 
A Girard and G Chaudron, and L A Emmerlmg The trigonal-hexagonal 
rhombohedral crystals were found by N von KokscharofE to have the axial 
ratio a c = 1 1 36557, G Melczer gave 1 13654, E Klemfeldt, 1 1 3651 to 

1 13656 , and S di Franco, 1 13668 Twinning occurs , there are penetration 
twins about the (OOOl)-plane, and the composition fice ma) be perpendicular to 
the (OOOl)-face , twinning also occurs less commonly about the (lOll)-plane 
producmg polysynthetic twinning lamellae shoeing a fine striation on the (0001)- 
face, and giving rise to a distinct or pseudo-cleavage parallel to (1011) This 
twinning was studied by F Mohs, W Haidmger, M Bauer, O Mugge, and 
O V Jeremeeff There is no definite cleavage, but there are partings about (0001) 
due to the lamellar structure, and about (1011) due to twinning F F Osborne, 
G Kalb, and G Melczer studied the corrosion figures obtamed with hydrochloric 
acid Ferric oxide is dimorphous , m addition to the rhombohedral crystals just 
described there is a cubic form — mde infra, ferromagnetic ferric oxide Numerous 
measurements have been made on the cr} stals of the rhombohedral form 


Observations on the cr\ stals of hsematite have been reported b} A d Achiardi 
G d Achiardi, G Ammoff A Arzrum M Berek A Bergeat H Biasch, J R Blum, 

O B Boggild A Breithaupt 4 Brezma T M Biodenck W C Brbgger L Bucca 

H Bucking L Busatti K Busz H Buttgenbaeh 3VI Carrere E J Chapman J H Collins, 

L Colomba F Cornu E Doll H Dufet P A Dufrenoy, G Fink, S di Franco 

W F Foshav A Frenzel V Goldschmidt F Gonnard J P Graffenauer, R P Greg and 
W C Lettsom P Groth W Haidmger R W Harre JR J Hauy M F Heddle,F Hessen 
berg T S Hunt P V Jeremeeff, W P Jervis G Kalb, G A Kenngott E Klemfeldt 

F von Kobell A Koch, A Krantz A Lacroix, A Lacroix and P Gautier, F \ on Lasaulx 

E Laval, I Lea C C von Leonhard A Levy O M Lieber J Loczka O Luedecke 

E Manasse, J S Martin G W McKee F Mohs, A J Moses F Millosevich O Mugge 

C F Neumann, J J Noggerath W Nowaeki, F Papp, A Pelikan F Pfaff L V Pirsson, 
G von Rath J B L Rome de 1 Isle G Rose P A de Saxe Cobourg Gotha, A Sadebock 
A Scaechi A and E Scacchi, T Scheerer A Schmidt, A Schwantke, J Schveitzer 
G SiHem B Silliman L J Spencer A de Stefam J Stiuver P von Sustschmsky, 
v V S}edeltschikoff, H Tertsch H Traube, P Tschirwxnsky G Uzielli,T Wada E Wem 
schenk, D F W , lser V von Zepharovich K Zimanyi, and F Zirkel, etc A bibliography 
was compiled by H Biasch Observations on the artificial cr} stals were made bv 
H Arctowsky, A Arzruni, K B Doss, W Florence G Fnedel F von Hochstetter, 
H E Merwrn and J C Hostetter, W Muller, C F Rammelsberg, H Vater, etc 


L Pauling and S B Hendricks, W H andW L Bragg, H Sachse,J A Hedvall 
vol xm o 
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V M Goldschmidt, W H Zachanasen, W C Hansen and L T Brownimller, 
P E Wretblad, J BohmandF Ganter,andJ Topping studied the X-radiograms 
of haematite and corundum, and found them similar L P auling and S B Hendricks 
found that the rhombohedral space-lattice of hsematite has a 55° 17', and the side 
of unit triangle, &=5 420 A , he said that the hexahedral mol of feme oxide can 
be assumed to consist of an equilateral triangle of oxygen with a metal atom 
immediately above and below the centre of the triangle , and that the lattice has 
3 mols per unit prism The side of unit triangle is <z=5 035 A , the axial ratio 
a c= 1 1 363, and the calculated density, 5 243 T Katsurai and T Watanabe 
gave 42 A , and a=55° 17' , V M Goldschmidt and co workers, a=5 42 A, 
and a=53° 14', R Brill, a=5 429 A, and a=54° 58', S Katzofi, a=5 4135 A , 
and a=55° 17 5' , L Passenni, a=5 020 A , and c=6 860 A , a c=l 1 366, and 
v=148 6 X 10“ 24 c c for the hexagonal cell, and o=5 43 A , and a=55° 6' for the 
rhombohedral cell , and W H Zachanasen, a=58° 14' , a=5 42 A , and a c 
=1 1 367, and the calculated density, 5 25 E A Harrington gave a=55° 17', 
and o=5 406 A , and P E Wretblad, edge of lattice=5 419 A , a=55 28° , 
o=5 027 A , c=13 73 A , ando c=l 2 7306 A hexahedral molecule is assumed 
consisting of an equilateral triangle of oxygen with a metal atom immediately 
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above and below the centre of the triangle W Jansen studied the fibrous 
varieties, and found that the crystals are hexagonal with o=5 035 A , ana 
c=13 726 A L Pauling and S B Hendncks inferred that the arrangement ol 
the atoms in the lattice is such that each metal atom is surrounded by 6 oxygen 
atoms which are not at the comers of a regular octahedron Three of these 
atoms are a few per cent nearer the metal than the others This indicates that 
the location of the electrons in the outer shells of an ion causes it to have different 
effective radii in different directions Each oxygen atom is surrounded by 4 metal 
atoms, 3 of which are nearer than the other two The mtenomc distances of 
hsematite are the smallest oxygen-oxygen distance, 2 545 A , and the metal oxygen 
distances, 2 060 A and 1 985 A LA Welo and 0 Baudisch, and J Thewlis 
found that the lattices of ferrosic and y ferric oxides are analogous, and of similar 
dimensions The unit cube of ferrosic oxide contains 8 molecules and is repre- 
sented by Fe^Oggj and the unit cube of y-fetnc oxide has 12 molecules and is 
represented by Fe^Ogg Consequently, room for 4 additional oxygen atoms has 
to be found m the unit cube of Feg0 4 J Thewlis’ representation of the structure 
of ferrosic oxide has been previously discussed, and is illustrated m Fig 518, and 
the structure of y-femc oxide with its four additional oxygen atoms is illustrated 
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m Fig 519 One of the conditions necessary for ferromagnetism, on W Heisen- 
berg s theory is that each atom must have 8 nearest neighbours , H Sachse 
applied this test to Fe^, a-Fe 2 O s , and y-Fe 2 0 3 , and found the condition satisfied 
by Fe 3 0 4 and y-Fe 2 0 3 , but not by a Fe 2 O s This condition is also satisfied by 
J Thewlis’ representations, Figs 518 and 519 J Topping studied the potential 
energy of the crystals, and N Akuloff and M Degtiar, the shp-lmes 

Observations on the crystals were made by A Simon and T Schmidt, J Bohm, 
6 Kalb, P F Kerr, W P Davey, V Schmaeling, C Maugum, J Wasastjerna, 
and H Groebler and P Oberhoffer — vide supra , ferrous and ferrosic oxides, Fig 512 
Observations on kidney ore, by J A Hedvall, J Bohm, and F Rinne, show that it 
is a form of haematite J A Hedvall, E A Harrington, G Frebold, and G Frebold 
and J Hesemann found that the space lattices of natural and artificial ferric oxides 
are the same K Honda and T Sone observed a structural change at 1300° , 
whilst K T Compton and E A Trousdale could detect no change m the space 
lattice under the influence of a magnetic field R D Williams and J Thewlis 
noted that the crystals of the a-oxide or trigonal oxide, formed fromy lepidocrocite, 
are of the order of 10 -4 cm across, and those of the y oxide or cubic oxide are of 
the order 10~ 7 cm across when first formed, but their final size, just before tke\ 
are transformed into the trigonal form, is of the order 10 -6 cm The transformation 
occurs over the range 500° to 600° 

L A Welo and O Baudisch observed a loss in catalytic power in passing from 
the cubic to the trigonal form, but S Roginsky and E Schulz found no difference 
m the catalytic decomposition of potassium permanganate F Pfaff, andJ Struv er 
have noticed the similarity between the -crystal forms of haematite and corundum , 
and A Hamberg, the resemblance between the crystals of llmemte and pyrophamte 
It was inferred that these minerals have a similar constituent 

FeCFeO s ) A(AlOg) FeCTiOjj) Mn(Ti0 3 ) 

Haematite Oonmdum Hmenite Pyrophamte 

P J Holmquist stated that there are two crystalline forms a-fernc oxide, stable 
at a low temp , and /J-fernc oxide, stable at a high temp H Forestier and 
G Chaudron observed a break in the thermal expansion curve at 680° , R B Sosman 
and J C Hostetter, a sharp reversible endothermal break m the heatmg curve at 
678°, and a small irregularity between 775° and 785° , E J Kohlmeyer, breaks at 
1035°, and between 1250° and 1350° , andC C Bidwell, a break at 1320°— but these 
have not been established as definite transformation points K Honda and 
T Sone observed a break m the thermomagnetic curve at 1300° , G G Brown and 
C C Furnas observed what they regarded as breaks in the sp ht , and thermal 
conductivity curves at 360°, and calculated the thermal value of the change at 
360° to 4 85 cals per gram, or 775 cals per mol H le Chateker noted a change 
m the heat of formation curve at about 900° , J d’ Ans, and G Keppeler and J d’Ans 
stated that a polymorphic transformation occurs at 640°, and that is the optimum 
temp for the activity of feme oxide as a catalyst for the oxidation of sulphur 
dioxide , and C C Bidwell, a break at about 720° in the curves for the electrical 
conductivity, and thermoelectric force R B Sosman and co-workers noted a 
drop in the magnetic susceptibility at 678° , L Blanc, and G Chaudron, at 600° , 
and J Huggett and G Chaudron observed that the Cune pomt occurs at 675°’ 
C C Furnas found the thermal value of the change between 650° and 825°, 
assuming that i«- is all one change, to be 41 8 cals per gram, or 6692 cals 
per mol W G Mixter could detect no polymerization when the feme oxide 
is heated, and J A Hedvall observed no change in the X-radiograms The 
subject was also discussed by S Hilpert N Parravano and G Malquon 
observed that the oxides formed by heatmg the hydrogel, or by roasting the 
chloride or nitrate, have the same X-ray spectrum, and show no evidence of 
polymeric forms L A Welo and O Baudisch, and R B Sosman and E Posnjak 
found that the X-radiograms of magnetite and of ferromagnetic feme oxide. 
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natural or artificial, are identical The ferromagnetic form was called by 
F Haber, and J Hesemann, y-Fe 2 0 3 There is an irreversible transformation, 
y-Fe 2 0 3 ->a Fe 2 0 3 , between 400° and 700° , and the Curie point is between 500° 
and 700° At" about 700°, ferromagnetic ferric oxide with the cubic lattice of 
magnetite or mart it e is transformed into paramagnetic haematite with rhombo 
hedral crystals The unit cube of magnetite may be symbolized Fe 2 40 32 , and 
after oxidation Fe 24 0 36 The unit cube of magnetite thus has room enough to 
accommodate 4 extra oxygen atoms A Simon discussed the structure of feme 
oxide , L Passermi, the solubility , and 0 Hahn and O Muller, the surface by 
the adsorption of radium emanations 

There are thus two forms of feme oxide— one cubic, one trigonal or rhombohedral 
The observations of H Abraham and R Planiol, R Chevallier, J Huggett and 
G Chaudron, S B Hendricks and W Albrecht, 0 Hauser, R B Sosman and 
co-workers, L A Welo and O Baudisch, and E Wedekind and W Albrecht show 
that (i) the X-radiograms of the two forms are indistinguishable one from the 
other, (n) the magnetic permeability of cubic ferromagnetic oxide is not dis 
tmguishable from that of ferrosic oxide , (m) the cubic form can be changed to the 
more stable rhombohedral form by heating it to \arious temp between 550° and 
1000° , and the catalytic activity of the cubic form is greater than is the case with 
the lhombohedral vanet} The transition temp appears to depend on the mode 
of preparation To convert ferrosic oxide to the isomorphous cubic feme oxide, 
4 oxygen atoms must be crowded into the unit lattice of the ferrosic oxide 
L A Welo and O Baudisch considered that the extra oxygen required for the 
change 2Fe 3 0 4 ->3Fe 2 0 3 can be inserted m the crystal lattice, without undue strain, 
so as to leaae the structure essentially unchanged J W Gruner, L H Twenhofel, 
G Frebold and J Hesemann, J Bohm, and P M Wolf and H Zeglm discussed 
ch mges m the X radiograms m the oxidation of magnetite to ferromagnetic ferric 
oxide 

J Beyer 10 observed that the chemical reactions of iron, and ferric oxide with 
hydrogen and steam, and the magnetic properties of the products, agree with the 
assumption that solid soln are formed between ferrous and ferrosic oxides , R Ruer 
and M Nakamoto also noted the formation of solid soln S Hilpert called the 
complexes of FeO and Fe 2 0 3 , other than Fe 3 0 4 , indefinite mixtures — vide mfra, 
ferrous ferrites R B Sosman and J C Hostetter added that feme oxide forms a 
continuous series of solid soln with ferrosic oxide [vide infra), and they called them 
martites E D Eastman showed that at 1100° and upwards ferric and ferrosic 
oxides form a continuous series of solid soln , but probably the soln is limited below 
1000° J Beyer found a similar state of things with ferrous and ferric oxides 
E D Eastman also said that at and above 1100°, the two oxides form a continuous 
series of solid soln , although there are indications that below 1000° they may not 
be soluble m one another m all proportions Haematite is hexagonal and magnetite 
cubic, at ordinary temp , and hence it may appear to be a circuluo m probando to 
assume that there is a hexagonal variety of magnetite which forms a solid soln , 
i e an isomorphous mixture with haematite According to R B Sosman, a con- 
sideration of the pomt systems from which the crystal classes can be made up, shows 
that there is m reality a continuous transition from cubic to hexagonal Suppose 
a cubical portion of some cubic lattice to be standing on one of its corners , then 
if it be compressed along the vertical diagonal axis it changes into a rhombohedron 
which becomes flatter with increasing compression, and the rhombohedron is a 
hexagonal form This transition requires, of course, that the lattice of the isometric 
and hexagonal forms be thus transformable The subject was discussed bv 
T M Broderick, P Geijer, G Gilbert, A Lavemr, C Fnedel, J W Gruner, and 
P Ramdohr H Forestier and G Chaudron discussed the formation of solid 
soln with ferric oxide and chromic oxide, and alumina — vide aluminium and 
chromium femtes W Biltz and co-workers found that m the spinels, MO Fe 2 0 3 , 
the mol vol of theFe^m ZnO Fe 2 0 3 is 30 4 , and m the CuO, MgO, CdO, MnO, 
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FeO, CoO, and NiO spinels, the mol \ol of the FeJ)* in round ibout 33 4 Htn< e 
the^ infer that there are two forms of ferric oxide a Fe>Oj with mol \ol 30 4, and 
y Fe 2 0 3 with a mol vol 33 4 

A Johnsen discussed carnalhte and hematite G Fnedel discussed 
pseudomorphs of ferric oxide after magnetite A Breithaupt described a cubic 
variety of ferric oxide occurring in octahedra or dodecahedra, like magnetite The 
pseudomorph is not ferromagnetic and it was called martite Tin 5 * miner ll was 
examined by F vonKobell, C F Rammelsberg, J F L Huron um, R \ in Aube!, 
J R Blum, H Rosenbusch, G vom Rath, A La\emr, md H Gorceix The 
general conclusion is that martite i<* a pseudomorph after magnetite A Scicchi 
obtained a \ariety of ferric oxide m acicular needles, thought to be rhombic It 
occurs m the tufa of Pianura and Fiano, Campania, and w is named ra phis nitrite — 
from pa<j>LS) needle , and mSrjpeos, iron Pseudomorphs of ferric oxide after iron 
pyrites were reported by H Traube, A Schwantke, \\ F Petterd, H Rosen- 
busch, J R Blum, A Krantz, E Doll, R P Greg and W G Lcttsom G \om 
Rath, H Gorceix, and A Lavenir, after lieuite, bv J R Blum, after suUnte, 
byJ R Blum, after cerussite, by A Hofmann, after pyromorphite, b\ J R Blum, 
and D F Wiser, after calcite , b\ A Breithaupt, J J Noggerith, J R Blum, 
G Sdlem, H A Miers, 0 Mugge, G Rose, A Frenzel, and W Haidmger , liter 
dolomite , by J R Blum after jhtorite, by J R Blum, G Sillem, md A Breithaupt , 
after baryta , by A Breithaupt, M F Heddle, J R Blum, and R P Greg md 
W G Lettsom, after anhydrite , by P Groth, and J R Blum, after olnine, b} 
G Tschermak , after bronzite, by J R Blum , after garnet , by J R Blum after 
felspar , by J R Blum and after feme sulphate , by A Vesterberg J W Gruner, 
P Ramdohr, and G M Schwartz discussed mtergrowths with llmemte and 
haematite (q v ) and H Baumhauer, mtergrowths of rutile and haematite 

A Frenzel 11 gave 4 914 to 4 917 for the specific gravity of haematite, 
C F Rammelsberg, 5 075 to 5 283 , G Rose, 5 191 to 5 230 , F E Neumann, 
5 079 , J Loczka, 5 289 , M Lachand and C Lepierre, 4 95 at 14° , A Bergeat, 
4 998 and, after separating impurities, 5 247 , G Dewalque, 4 35 , M F Heddle, 

4 8 , J Jolv, 4 644 to 4 923 , J Maillard, 4 90 , A Vesterberg, 5 06 , A Breithaupt, 

5 261 , P V Jeremeeff, 5 02 , E Madelung and R Fuchs, 4 8986 to 5 1568 , 
E F Herroun and E Wilson, 4 75 to 4 91 , A Lavenir, 5 194 to 5 205 , and 
P F G Boullay, 5 225 For the artificial oxide, W Herapath gave 5 059 for the 
sp gr at 16 5° , H Kopp, 5 121 at 12 5° , L Playfair and J P Joule, 4 679 at 
3 9° for the precipitated and 5 135 for the ignited oxide P P Budnikoff and 
K E Krause found the sp gr of the oxide calcined at different temp to be 

4oO 650 850 1000° 

Sp gr 5 102 *5 183 5 190 5 195 

D Tommasi gave 5 11 for the sp gr of the brown oxide obtained by dehydrating 
the precipitate from a feme salt b} alkali lye, and 4 95 for that of the red or 
yellowish-red oxide obtained by oxidizing hydrated ferrous or ferrosic oxide or 
ferrous carbonate , and H Rose gave 5 169 for the precipitated and 5 037 for the 
ignited oxide Heating the oxide was found by H Rose, G Weunann, and 
F Sauerwald and G Eisner to mcrease the sp gr Thus, L Blanc observed that 
the sp gr of the oxide heated to 500° to 600° is 4 910 , to 650° to 700°, 5 040 , to 
750°, 5 110 , and to 850°, 5 175 , R Ruer and J Kuschmann, 5 200 at 15°/4° 
for a sample heated to 700°, and 5 1597 at 15°/4° after being heated to 1000° 
A Dubom gave 5 16 , B Aarrno, 5 09, and S Hilpert and J Beyer, 51 Obser 
nations were also made by F Muck, and 0 Hauser H P Walmsley found the 
sp gr of the hexahedral particles of dispersed ferric oxide to 5 274, and of the 
cubic form, 5 400 F J Malaguti and A Lallemand found for the non-magnetic 
oxide dned at 300°, 4 784 , for the non magnetic oxide which has been heated to 
rouge mf 5 144 , and for the strongly magnetic oxide, 4 686 E J Kohlme) er 
and S Hilpert found the sp gr of a sample that had been fused to be 5 190 , and 
E J Kohlmeyer gave 5 187 to 5 193 for samples of highly purified oxide which had 
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been heated high enough to convert some of the feme oxide into ferrosic oxide 
L Blanc and G Chaudron prepared the oxide by calcining the nitrate or sulphate 
at different temp , and found that when made at 500° to 600°, the large grams had 
a sp gr 4 910 , at 620° to 700°, the fine giams had a sp gr ox 5 040 , at 750°, 
the grams of increasing size had a sp gr of 5 110 , and at 850°, the grams 
of increasing size had a sp gr of 5 175 They attributed the decrease in the 
gram size between 600° and 700° to an effect of the evolution of gas accom 
panymg disintegration, but there is a polymeric transformation at about 678° 

N Parravano and G Malquon found that the apparent sp gr of small cylinders 
of compressed feme oxide is scarcely changed by calcination up to 700°, but 
above 800°, the apparent sp gr increased and the cylinders were less friable 
X-radiograms show that the difference between the aggregated and non aggregated 
oxide is solelv one of gram-size The genenl results of the sp gr determinations 
show that the best representative value of ferrosic oxide is 5 12 with the sp vol 
0 1954, and mol \ol 312, whilst for natural hematite the sp gr is 5 24, the 
sp vol 01910, and the mol vol 30 5 The densities 5 25 by W Zachanasen, 

5 355 by L Passenm, and 5 243 by W P Da vey, were calculated from the X radio- 
gram data W Biltz, and J J Saslawsky compared the observed mol vol with 
that calculated by the additive law W Ostwald and W Haller observed that 
when the produced oxide is suspended m hexane, and other organic liquids, and then 
separated, the sp vol decreases m the order CC1 4 , C 6 H 14 , C 6 H 6 , CH 3 C 1 , (CgHg^O, 
CH 3 COOH, CoH 5 OH, and (CH 3 ) 2 CO The effect is attributed to the adsorption 
of solvent films — hyoadsorflion 

The hardness of the crystals is over 5 and may attain a value from 5 5 to 65 
J A von Deurs and P E Raaschou 12 studied the fluidity of slip — water and 
ferric oxide A Reis and L Zimmermann studied the hardness and mol vol 
W Voigt gave for the elastic modulus, E, in kilograms per sq mm , 2£ o =23,000 , 
F 45 — 21,800 , J^ 4 5=18,700 , and f? 90 =23,100 , while the cubical coeff of com- 
pressibility is 1 04xI0~ 6 E Madelung and R Fuchs found the compressibility 
between 50 and 200 kgrms per sq cm to be between 0 O 0 58 and 0 O 5 IO 6 According 
to F Sauerwald and G Eisner, briquettes made from the compressed and calcined 
oxide have a compressive strength dependent on the temp of calcination M C Lea 
was unable to detect any signs of the dissociation of ferric into ferrous oxide by 
mechanical press 

H Fizeau found the coeff of thermal expansion to be, a=0 0 5 829 and 0 0 5 836, 
respectively parallel and vertical to the principal axis , this gives for the coeff 
of cubical expansion, 0 00002501, at 40° H Kopp gave 0 00004 for the coeff of 
cubical expansion , and 0 000007 for the coeff of linear expansion H Backstrom 
obtained for the length, l, at 0 °, between 4 ° and 82°, m a direction parallel to the 
principal axis, Z=Zo(l+OO 5 761O90+OO 8 49O10 2 ), and m a direction perpendicular 
to the principal axis, Z=Zq(1+0 O 5 5769180+O O 7 I2OOO0 2 ), where l 0 denotes the 
length at 0 ° It follows that the coefficient of expansion in a direction per- 
pendicular to the principal axis is the greater , but the coefficients of expansions 
m both directions are the same at —5 7°, namely, 0 0g7555 , and below that temp , 
the coeff of expansion parallel to the principal axis is the greater H Forestiei 
and G Chaudron observed a break in the dilation curve at about 675° 

C C Bidwell found the thermal conductivity of the compressed powder to be 
0 00141 cal per sec per sq cm per degree at 200° , 0 00189, at 400° , 0 00235, at 
600° , 0 00262, at 720° , 0 00294, at 800° , and 0 00390, at 1050° C H Lees 
gave &= — 0 003 cal per cm per sec per degree , J Konigsberger and J Weiss 
gave k~ 0035, and J Kruckenberg, jfc =0 006 C C Bidwell gave the following 
results 

159 ° 258 415 ° 658 854 1047 

l 0 00130 0 00154 0 00189 0 00251 0 00317 0 00390 

G G Brown and C 0 Furnas gave for the thermal conductivity, h cals per sec 
peL sq cm per degree, of powdered ferric oxide 
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125 150 800 400 500 ° 600 ° *“ 00 ° 750 ° 

l 0 0*918 0 0 3 925 0 0 s 940 0 00108 0 00113 0 00122 0 00133 0 00138 

The results of C C Furnas on rods of powder, and those of C C Bidwell on prepared 
rods are summarized in Fig 520 H de Senarmont made some observations on 
the thermal conductivity of the crystals , and E Jannetaz observed that the ratio 
for the conductivities in the direction of the principal axis and at right angles 
thereto is 1 232 , N Botez and H Hertenstem 
gave 1 198 , and H Backstrom, 1 064 to 1 12 at „ 12 

50° According to F M Jager, the quotient of ^ 

the electrical and thermal conductivities of all 
metals is a constant, independent of their chemical 8 

nature, but directly proportional to the absolute ^ 

temp This ratio is not constant for the con- §1g 
ductivities of haematite measured in the directions 4 

of the crystal axes | g 

J Joly gave 0 1683 for the specific heat of 1 2 
haematite between 7 8° and 100° ,PEff Oeberg, ^ 0 
0 1645 to 0 1647 between 15° and 99° , A Abt, 

0 17425 between 16° and 95° , H Kopp, 0 154 to Fig 520 —The Thermal Con 
0159 for the sp ht of haematite , R Ulrich, durtmty and Molecular Heat 

0 1627 between 19° and 98°, F E Neumann, ofFemc0xlde 

0 16695 to 0 1692 H V Regnault gave 0 16695 for the sp ht of haematite 
between 15° and 98° , while for calcined colcothar he gave 0 17167 , for strongly 
calcmed colcothar, 0 16921 , and for yet more strongly calcined colcothar, 0 16814 
G G Brown and C C Furnas gave for the sp ht , in cals , of ferric oxide 

0 40 ° 80 120 200 ° 300 * 400 ° 500 ° 650 ° 

Sp ht 0 1550 0 1640 0 1750 0 1846 0 2025 0 2250 0 2645 0 2955 0 3420 

The results for the molecular heats, C p , from 298° K to 633° K, can be sum- 
marized by Gp==14 13+0 0378T , and between 633° K and 951° K, by C p =9 16 

+0 0491T W Bertram gave 

95 ° 225 850 461 ° 526 569 685 ° 764 * 824 

c 0 1598 0 1746 0 1854 0 1952 01995 0 2027 0 2084 0 2106 0 2110 

and c=0 1514+0 0001239(0— 20)— 0 O 7 577(0— 20) 2 Decomposition sets m at 
temp exceeding 700° G S Parks and K K Kelley found the sp ht at— 184 0°, 
—123 7°, and 17 5° to be respectively 0 0408, 0 0842, and 0 1550, and the mol ht 
respectively 6 5, 13 4, and 24 8 The results of A S Russell, G S Parks and 
K K Kelley, PEW Oeberg, A Abt, J Joly, C C Furnas, and H V Regnault 
fall about the mol ht curve, Fig 520 A S Russell gave 0 0726 between 191 9° 
and —81 0° , 0 1318 between —73 7° and 0° , and 0 1600 between 3 5° and 44 0° 
The corresponding mol ht are respectively 11 59, 21*05, and 25 53 W A Roth 
and W Bertram gave for the sp ht ,c, between 0° and 20°, c=0 151 +O*p5l239(0— 20) 
—0 O 7 577(0— 20) 2 , and for true mol heat 

100 200 800 ° 400 ° 500 ° 600 700 

O 27 08 30 32 33 01 35 15 36 73 37 75 38 23 

1 Maydel studied the mol ht F J Malaguti and A Lallemand found the sp ht 
of non-magnetic feme oxide dried at 300° to be 0 1863, and heated to redness, 
0 1743 , while the sp ht of the magnetic oxide heated to redness is 0 1730 , and 
thesp ht of strongly magnetic feme oxide is 0 1794 

J J Berzelius observed that precipitated, hydrated feme oxide when heated 
loses water, and when passing from dull redness to bright redness it shows & 
calorescence similar to that described in connection with alumina, chromic oxide, 
and zircoma The oxide thus becomes denser, less attacked by acids, and generally 
less sensitive chemically L Wohler found that feme oxide is calorescent only 
when precipitated from boiling soln , that precipitated from cold soln become* 
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caloiescent onl} 'when well cashed with hot water J Bohm said that the hydrated 
oxide caloresces is w ell when precipitated from cold soln as it does trom hot soln 
L P de St Gilles observed no calorescence with aged gels heated with water 
F Muck, and D Tommasi observed no calorescence with the hjdrogel obtained 
by oxidizing ferrous hydroxide or carbonate J J Berzelius, and L Wohler 
observed no change m weight occurs during the calorescence, although H Forestier 
and G Chaudron obtained a marked shrinkage , J J Berzelius found the rate of 
solution m acids is decreased during the calorescence The heating curves, obtained 
by K Endell and R Rieke, R Wallach, and L Blanc, show a sharp hump during 
the recalorescence period K Endell and R Rieke observed that the material 
which showed the phenomenon had 0 5 per cent of water The calorescence temp 
is 538° L Blanc observed the caloiescence temp to be 400° with the oxide 
precipit ited cold, and it is feebler with the oxide precipitated from boiling soln 
The temp depends on the previous history of the hydrated oxide N S Kurnakoff 
and E J Rode gave 325°-400° for the calorescence temp of bog iron ore 
A A Baykoff gave 380° for the beginning and 550° for the end , R Wallach gave 
400° , K Endell and R Rieke, 450° , H le Chatelier, 950° , L Wohler, 540° , 
and at first it was assumed that two allotropic modifications exist L Wohler 
regarded the phenomenon as due to an increase m the gram size of the oxide 
K Endell and R Rieke, and R Ruer, to a change from the amorphous to the 
crystalline state , and this hypothesis is m agreement with the X-radiograms of 
J Bohm of samples before and after calorescence J A Hedvall, however, said 
that no oxide is amorphous, they are all crystalline or cryptocrystalline, and give 
identical X-ray spectra before and after heatmg to 1150°, showing that the 
calorescence is not caused by a change m structure W G Mixter found that 
the thermal values of ferric oxide before and after the glow differ by 9 0 Cals per 
mol He calls this difference, the heat of polymerization 

E J Rohlmejer said that finely powdered ferric oxide sinters and shrinks in 
volume on passing thiough 920° to 950°, and there is a kink in the heatmg curve 
m this region C C Furnas observed that just before sintering, powdered ferric 
oxide becomes very* active, and tends to flow like water, assuming an almost zero 
angle of repose although no liquid is present The phenomenon may be caused 
by an evolution of gas, or by an accumulation of electric charges on the particles — 
e g the ‘ boiling 5? of plaster of Pans, and other powders when heated, and the allied 
phenomenon which occurs in the roasting of some sulphide ores H Rose, 
C Zenghelis, and L Eisner observed that there is an appreciable volatility of ferric 
oxide m the porcelam oven <1600° , and H Moissan added that at 2000° ferric 
oxide can be sublimed m a crystalline form A A Read, and H Rose, however, 
showed that at these temp the ferric oxide is more or less dissociated, forming a 
magnetic or ferrosic oxide, consequently, not feme oxide but rather ferrosic oxide 
would volatilize at these temp Even magnetite has a dissociation press approxi- 
mating an atm at 2500° H von Wartenberg and W Gurr found that the mixture 
of oxides formed b} the fusion of feme oxide volatilizes rapidly at 1800° 

In 1848, H Rose noticed that when feme oxide is heated m a porcelam oven, at 
about 1400°, and the cold product dissolved m acid, a blue precipitate is formed when 
potassium ferric} amde is added to the soln This was taken to mean that some 
ferric oxide is transformed by heat into ferrous oxide C F Bucholz, J J Berzelius, 
and E Mitscherhch showed by weighing that ferric oxide is dissociated at a white- 
heat, but J L Proust, C*L Berthollet, and J H Hassenfratz did not agree 
J A Hedvall said that the oxide is stable at a red-heat, H Moissan, that 
oxygen is lost when feme oxide is heated m the electric ar<5 furnace , H Rose, 
m the porcelam oven , H Tholander, at a white heat , and W Suida, at a 
bright red-heat H Warth added that the association of al umina with the feme 
oxide makes it less liable to decompose E D Clarke said that the oxide on 
charcoal is reduced to metal m the oxyhydrogen flame, and that the metal then 
bums as a brilliant scintillation 



IRON 


793 


W Said i found that at the temp of i Bunsen burner, feme oxide is not reduced 
prov ided reducing agents be excluded but it % bright red heat or white-lieat, 
ferric oxide and feme silicates do suffer m ipprecnble reduction m air, or m an 
atm of nitrogen If heated with molten borax, ferric oxide and ferric silicates 
suffer a little reduction m air, or m an atm of nitrogen or carbon monoxide, but m 
an atm of oxv gen, the reduction is sehr gering The observ ations of C F Rammels 
berg, C Bodewig, R Hermann, and F L Hahn and M Hertnch, N A Tananaeff, 
E Selch, A A Read, add H Rose also show that v er\ little loss occurs at the temp 
of the blast gas-flame According to E J Rode, there is a terrace in the heating 
curve of feme oxide at 745°, and this is attributed to the formation of an allotropic 
oxide , the fluctuations m the curve at 1280" are attributed to the elimination of 
oxv gen If h> drated feme oxide is similarh treated, there is an endothermic 
reaction corresponding with an unstable modification of ferric oxide which is con 
\erted into the stable, erv stallme oxide at 320^ to 340°, with the evolution of heat , 
the crystalline oxide undergoes another transformation at 450° J C Hostetter 
and H S Roberts stated that the dibsoeiation of ferric oxide into ferrous oxide 
and oxygen when it is dissolved m molten glasses occurs above 1300°, the exact 
temp is dependent on the composition of the glass The colour of potterv glazes, 
admixed with feme oxide, is very markedly altered by variations of temp much 
below this F Wust reported that the evolution of oxygen commences at 600°, 
and at 1050° the residue is Fe 2 0 3 FeO , at 1100°, Fe 2 0 3 2Fe0, and at 1200°, 
Fe 2 0 3 3FeO W Blitz found that with the partial press of oxygen the same as 
it is m the atmosphere, the equilibrium dissociation temperature for the Fe 2 0 3 
-^Fe^ is 1970°, and for the dissociation Fe 2 0 3 ->Fe, 3025° , while W D Treadwell 
observ ed that at 1322°, the dissociation pressure of the oxygen from ferric oxide is 
0 21 atm , and 1 atm at 1405° G P Baxter and C R Hoover observed a constant 
difference m weight of about 0 004 per cent m feme oxide heated in the neighbour- 
hood of 1100° in a current of air, and m a current of oxygen The oxygen value 
was higher, and they gave for the dissociation press , p mm 

1150 1200 1260 1280 1290 

V 05 10 20 40 10 0 mm 

6 Charpy and S Bonnerot gave 0 18 mm at 800°, and 0 36 mm at 900° R B Sos- 
man and J C Hostetter showed that there is a measurable dissociation of feme 
oxide heated m air at all temp between 100° and 1300°, and that the amount of 
dissociation increases with temp P T Walden reported for the dissociation press , 
p mm , of feme oxide 

1100 1150 1200 12«>0 1300 13b0 1400 

V 5 0 7 0 9 0 20 0 59 5 166 0 454 0 

so that the press at 1350° is approximately equal to the partial press of the oxygen 
of the atmosphere W Hempel and C Schubert, and C Schubert said that the 
reaction 6Fe20 3 =4Fe 3 0 4 +0 2 sets in slowly at 1250° and is complete at 1500 Q 
R Ruer and M Nakamoto found that feme oxide m dry nitrogen loses no weight 
when heated up to 1125° , at 1150°, oxygen is lost until ferrosic oxide with 2 per 
cent of dissolved feme oxide is formed , and above 1200° up to 1550°, oxygen is 
lost continuously when the substance melts, and when cold, the product is ferrosic 
oxide with 4 per cent ferrous oxide in solid soln They found the dissociation 
press of feme oxide m oxygen at 1150° is scarcely measurable , at 1383° it is 0 20 
atm , and at 1455°, it is 1 atm This agrees with the observations of E Greulich, 
H O Hofman and W Mostowitsch, A Girard and G Chaudron, and E J Kohl- 
meyer With a constant press of 10 mm , the isobar of feme oxide was found, 
by A Simon and T Schmidt, to show a sharp break at 1300° corresponding with 
complete conversion of feme to ferrosic oxide without the formation of any solid 
soln , or intermediate oxide — t nde supra , ferrosic oxide H von Juptner calculated 
for the dissociation press at equilibrium for 2Fe 2 0 3 =4Fe+30 2 , log p— 288847 7-1 
+1 75 log T + 2 8 , for 2Fe 2 0 3 =4Fe0+0 2 , log p=~29146r-i+l 75 log T + 2 8 , 
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and for 3 Fe 20 3 = 2 F 3 04 + 0 , logp=— 11466T 1 +1 75 log T+ 2 8 The values of 
f atm , calculated from these equations, are respectively 


Products 

600° 

1000° 

uoo 

Fe 

0 0 40 3326 

0 0 20 1466 

0 0 la 4724 

FeO 

0 O ao 1217 

0 0 21 8017 

0 0 la 3070 

Fe 3 0 4 

0 0 13 3564 

0 0 S 3837 

1394 

Products 

1600 

2000 

2400 

Fe 

0 0*2263 

0 0*1364 

0 0,3791 

FeO 

0 0*1552 

0 0*1009 

0 0,3726 

Fe 3 0 4 

17 41 

617 9 

8668 0 


Calculations w’ere also made by & G Brown and C C Furnas, L Wohler and 
0 Balz, W Blitz, H 0 Hofman and W Mostowitsch, and F Wust and P Rutten 
S Hilpert could not verify P T Walden’s observations because the results varied 
considerably with the method of preparation, and the previous treatment of the 
ferric oxide, for the velocity at which equilibrium is attamed, is extremely slow 
The amount of ferrous oxide formed m air at 1300° did not exceed 5 per cent He 
also said that the application of the thermodynamic formula to calculate the dis 
sociation is untrustworthy According to R B Sosman and J C Hostetter, the 
solid phase produced by the dissociation, 3F e 2 0 3 =2F e 3 0 4 + 0, is a series of solid 
soln ranging from Fe20 3 to a pomt very near, if not at, Fe 3 0 4 This hypothesis is 
confirmed by the optical properties of the residues with over 18 per cent FeO, and 
by the pressure-composition isotherms at 1100° and 1200° If FeO denotes the 
percentage of ferrous oxide m the solid soln , and jp m m , the press of the oxygen 
m the solid soln , Fig 522 


F63O4 

FeO 

„ 11100 ° 
v \ 1200 ° 


plotted m Fig 521 
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Smce the composition of the solid phase depends on the relation 
between the weight of the charge and the vol 
of the space m which the oxygen collects, the 
results m which these facts have not been taken 
into consideration are untrustworthy M Tiger 
schiold wrote the dissociation equation 6Fe 2 0 3 
=4Fe 3 0 4 +0 2 , and using R B Sosman and 
J C Hostetter 5 s data, gave for the equilibrium 
constant, K, which is here also the oxygen press , 
logZ=logjp=-20, 9462^+3 SlogY+O 001157T 
— 0 6332 O C Ralston, combining these data, 

and also those of P T Walden, gave log 3 ?= 
—23, 550^! +13 83 Ferric oxide at 1348° has 
an oxygen press of 0 207 atm , so that it is stable 
in air up to this temp , and beyond that temp it 
will lose oxygen Ferric oxide would exert 1 atm 
press at 1430°, and it could be heated m an atm 
of oxygen up to this temp without losmg oxygen 
Magnetite dissolved in ferric oxide would lower the 
No evidence was obtamed of the exis tence of compounds of the 
two oxides above 1000 ° The shapes of the curves are taken to show that there is 
a continuous senes of solid sobi from Fe 20 3 to 90 per cent FegC^ The steeper 
ends of the curves, and the flatness of the central portion of the curve at 1100 ° when 
compared with that of the central portion of the 1200 ° curve, indicated that it is 
possible that at a lower temp the central portion will be horizontal In that case, 
two immiscible solid soln will be m equilibrium with one another — one soln will 
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be Fe 2 0 3 with some dissolved Fe 3 0 4 , and the other conjugate soln , Fe 3 0 4 with some 
dissolved Fe 2 0 3 The sloping ends of the curves would apply to unsaturated soln 
M Tigerschiold deduced for the 0 x 3 gen press , p, of solid soln with 97 1 per cent 
of Fe 2 O s , log p=~20,946r-i+3 5 log 0 001157(2 7 --600)+0 061 , and for solid 
soln with 10 31 per cent of Fe 2 0 3 , logp=— 22,08Q7 T “ 1 +3 5 log T +0 001157 
(T— 600) +0 061 These are the approximate boun- 

daries of the solid soln of the s} stem with ferric and 
ferrosic oxides The results, plotted m Fig 522, show 
the fields of stability of these tvo oxides — vide infra , 
ferric oxide E R Wagner discussed the decom- 
position of the oxide m vacuum tubes 

A Smits and J M Bipoet said that the two 
oxides are not isomorphous, and that it is very im- 
probable that there is a continuous series of solid soln 
of feme and ferrosic oxides, and A Simon and 
T Schmidt explamed the limited solubility of ferrosic 
in ferric oxide as an example of G F Huttig s theory 
of vagabond atoms within the crystal lattice P P Fe- 
doteeff and T N Petrenko obtained solid soln of the 
two oxides by oxidizing iron with a mixture of steam and air between 100 ° 
and 1100°, but not m the oxidation of iron by air alone J Huggett and co-workers 
said that their magnetic measurements indicate that 20 per cent of ferrosic oxide 
can be dissolved infernc oxide at 650° The sub] ect was also discussed by S Hilpert 

and J Beyer, H S Roberts and H E Merwin, P Ramdohr, G Benedicks and 
H Lofquist, and E D Eastman R Ruer and M Nakamoto obtained the com- 
position curve of ferric oxide after heating it in nitrogen at different temp No 
appreciable loss m weight occurred until about 1150°, when an abrupt loss occurred 
and the product contained about 98 per cent of ferrosic oxide and 2 per cent of 
feme oxide Further losses occurred as the temp was raised It is assumed that 
no solid soln are formed until the product with 98 per cent Fe^ is attained The 
results contradict those of previous observers, unless some other interpretation is 
possible The equilibrium conditions of feme oxide m the presence of carbon 
monoxide and hydrogen were studied by A Matsubara, and others — vide supra , 
Figs 500 and 501 W von W Scholten titrated electrometneally a soln of ferrous 
sulphate with a soln of hypochlorite, and observed that in an acidic soln , the 
values of the potential furnished a smooth curve from ferrous to feme sulphate, 
but in alkaline soln , there was an irregularity corresponding with the presence of 
a solid soln of ferrous and feme hydroxides 

E J Kohlmeyer observed that feme oxide begins to sinter at about 950°, and 
it is very marked at 1360° , F Sauerwald and G Eisner studied the subject , 
H O Hofman and W Mostowitsch observ ed a marked sintering after heating for 
half an hour at 1460° The subject was also examined by J A Hedvall, 
and J A Hedvall and E Helm A Brun gave 1300° for the melting-point , 
C Schubert, 1500° , H von Wartenberg and W Gurr, 1570° , B Garre, 1560° , 
and 0 Doelter, 1350° to 1400° These data do not represent true m p , because 
R Ruer and M Nakamoto found that the product which melts m nitrogen at 1550° 
is ferrosic oxide with about 4 per cent of dissolved ferrous oxide m solid soln 
The m p of feme oxide in the presence of enough oxygen to prevent dissociation 
has not been determined W Wicht observed that when feme oxide is fused in 
the electric furnace, below 2000 °, the product has the mol proportion FeO F© 20 3 
=10 1 , H Rose also noticed the partial reduction of feme oxide during fusion 
— vide supra S Hilpert and E Kohlmeyer found 1565° for a sample which, 
after melting, contained 10 per cent of Fe^ C G Fink and C L Mantell 
observed that a sample at 1492° showed signs of softening, and it became fluid at 
1503° Observations were also made by 0 Ruff and 0 Goecke The possible 
allotropic changes have been discussed elsewhere There is a definite transforma- 
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turn point at about 700°, and the best representatn e \alue of this transformation 
pomt is taken to be 678° H Forestier and G Ckaudron found that mixtures of 
ferric oxide with ferrosic oxide, alumina or chromic oxide, lower the transition 
temp , and H Warth found that alumina makes ferric oxide more stable at high 
temp 

E J Kohlmeyer found that red ferric oxide becomes black at 920° to 950° , 
it sinters strongly at 1370° and the evolution of oxygen begins tne product 
(solid soln ) melts at 1470°, and becomes quite liquid between 1525°, and 1600° 
The m p of feme oxide m oxygen gas is 1562° to 1565° There is a break m the 
cooling curve between 1250° and 1350°, and a second between 1028° and 1035° 
E J Kohlmeyer interprets his observations by assuming that near 1525°, when 
re-melt mg occurs, the material has the composition 3FeO 4 Fe 20 g , that the melt 
which gave the longest pause at 1470° had the composition 3FeO 5Fe 2 0 3 and 
that which gave the longest pause at 1370° had the composition FeO 3Fe 2 0 2 
From these results, beset up a temperature constitution ferric oxide R B Sosman 
and J C Hostetter regard the alleged compounds as solid soln — vide supra 
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H le Chatelier gave for the heat of formation (2Fe,30)=194 4 Cals, and 
(2Fe0,0)=65 2 Cals , and for the conversion of ordinary to calcined feme oxide, 
he gave 2 14 Cals G H Brodie and co-workers gave (2Fe,30) —267 4 Cals per 
mol , W A Roth, 198 5 Cals , W G Mixter gave (2Fe,30)=192 2 Cals , (2FeO,0) 
=63 7 Cals , and 2 Fe 3 0 4 + 0 = 3 Fe 20 3 +54 5 Cals , and A Simon and T Schmidt 
calculated for 2Feg0 4 ->3Fe20 3 + 36 815 Cals W A Roth and co workers 
gave Fe 2 0 3 +3Cl 2 =2FeCl 3 +30+7 4 Cals , and F eO +Fe 2 0 3 =F egC^-f-Y 0 Cals 
M Tigerschiold gave (2Fe,30)=197 1 Cals W D Treadwell gave 2Fe 3 0 4 +£0 2 
=3Feg0 3 +49 5 Cals q D 0 pk e ga\e (2Fe,30)=I97 4 Cals H von Juptner 
estimated 4Fe+30 2 =2Fe 2 0 3 +132 Cals , 4Fe0+0 2 =2Fe 2 0 3 +133 2 Cals , and 
2Fe 3 0 4 +0=3Fe 2 0 3 +52 4 Cals Observations were made by T Andrews 
G S Parks and K K Kelley calculated 197 5 Cals for the heat of formation, —63 9 
for the entropy, and —178 4 for the free energy at 25° A C Halferstein gave 
—107,748+63 551T cals for the free energv of the reaction 6 Fe 2 0 3 = 4 Fe 3 04 + 0 2 , 
and for the free energy of feme oxide, — 1^4 666+63 514T, so that the free energy 
at 25° is — 175,780 cals J Chipman and D W Murphy studied the subject 
R Dallwitz- W egener discussed the free energy of the compound, and K K Kelley, 
the*entropy 

E A Wulfing observed that the indices of refraction of haematite for the 
A-, a-, B-, and C-lines are respectively a >=2 904, 2 949, 2 988, and 3 042, and 
e =2 690, 2 725, 2 759, and 2 797 , while C Forsterling gave for red, yellow, green, 
and blue light respectively cu=3 05, 3 11, 3 17 and 2 7 , and 6=2 87, 2 88 , 2 92, 
and 2 84 UR Evans, and F H Constable studied the optical properties of thin 
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films of the oxide Observations were also made by A Kundt 6 Kalb, and 
L Michel obsen ed that the birefringence is strong , and the optical character is 
negative According to R B Sosman and J C Hostetter, the observable optical 
properties of crystals of completely oxidized magnetite, and of haematite are not 
distinguished , they are uniaxial, and negative , e=2 74 for A=700 pp , , the bire- 
fringence is greater than 0 21 , and the co absorption is greater than the ^-absorption 
For samples of ferric oxide heated at 1200°, and containing FeO per cent of ferrous 
oxide 

FeO 0 58 5 60 12 99 16 11 17 79 

€ 2 74 2 73 2 72 2 71 2 71 

and e m the first case exceeds 0 21, and in the penultimate case exceeds 0 16 
The refractive index of magnetite is 2 42 for A=700pp, and that of haematite is 
2 74, so that the refractive index is lowered by d ssolved magnetite, but the lowering 
is not proportional to the amount of ferrosic oxide m soln All this agrees with the 
assumption that solid soln of ferric and ferrosic oxides are formed when ferric oxide 
is heated to the temp at which oxy gen is given ofi T M Broderick stated that 
some of the specimens of haematite assumed by R B Sosman and J C Hostetter 
to be solid soln , contained residual free magnetite which was \isible on polished 
surfaces under the microscope He added that before assuming the presence of 
solid soln m natural haematite, the effect of free magnetite must be accounted for, 
and optical homogeneity must be shown in materials containing both Fe 2 0 3 and 
Fe 3 0 4 The variation m the colour of reflected light from adjacent grams similarly 
oriented, the apparent lack of enough magnetite to account for the magnetic 
properties , and the differences m the behaviour of the grams on etching, all support 
the hypothesis that solid soln are present 

0 Forster] mg found thfe absorption coefficients for red, yellow, green, and blue 
light to be respectively 0 0875, 0 135, 0 173, and 0 377 for the ordinary ray, and 
0 0670, 0111, 0126, and 0 305 for the extraordinary ray M Kimura and 
M Takewaki studied the subject Ferric oxide colours glass a yellowish-brown, 
and ferrous oxide a bluish-green The tmctorial effect of the latter is greater than 
that of the former S English and co workers investigated the effect of these oxide 
on the transmission of light of short wave length by glass The limits of trans- 
mission with the smaller proportions of oxide are 


Oxide 

0 005 

0 010 

0 030 

0 060 per cent 

Fe s O s glass 

2600 

2670 

2840 

2960 A 

FeO glass 

2600 

2600 

2780 

2870 A 


Observations were also made by G Jaeckel, andD Starkie and WES Turner 
The effect changes on exposure to bght, owing to the transfoimation of ferrous 
into ferric oxide The converse effect was noticed by W W Coblentz and 
R Stair when the ghss is heated m a gas-flame, owing to the presumed reduction 
of some ferric to ferrous oxide The subject was studied by A Ruttenauer, and 
A Salmony The scattering of light by suspended particles was measured by 
G I Pokrowsky W W Coblentz observed that the ultra-red reflecting power 
was about 12 per cent from lp, to 13p , whilst J Konigsberger found for light 
vibrating perpendicular to the principal axis, 25 71 per cent , or for light 
vibrating parallel to the chief axis, 22 86 per cent J Hofmann found the 
emission spectrum in the blue is greater than in the red R Eisenschitz and 
A Reis, and E Domek made observations on this subject M Kahanowicz found 
that the energy, E, emitted between 300° and 1100° follows the fourth power law, 
E~ 1 30 x 10“-^ oyMg— 38 ° a!T The radiation energy was also discussed by E Schmidt, 
Y Polak, C P Randolph and M J Overholser, I Langmuir, F Wamsler, 
M Kahanowicz, and F Paschen According to J Konigsberger, the absorption 
coeff , a, for the long heat waves are a=26 for A=0 5 to 4 Op , a=24 for A=1 6 to 
4 OfM , a=17 for A=4 0 to 40p , and a=47 for A=15 to 40 p F Rmne found that 
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the pleochroism of samples from Tvedestrand and Strassfurt is to brownish-red, and 
€ yellowish-red , and H Tertsch, with a sample from Vesuvian ash, co=dark blood 
red, and € yellowish red The spark spectrum of h8ematite was observed by 
A de Gramont, and W N Hartley and H Ramage M Kimura and M Takewah 
found that the oxide is opaque for ultra-violet light G K Burgess and P D Foote 
found that the ultra-red emissivity of ferric oxide for radiation of wave length 
A=0 65ju varies from 0 98 to 0 92 over the interval 800° to 1200° , and the total 
emissivity increases from 0 85 at 500° to 0 89 at 1200° K Hild studied the 
total radiation of the oxide at 800° to 1400° H A Barton and co workers 
studied the emission of positive ions by the ferric oxide catalyst for ammonia 
J Ewles, and A Pochettmo found that the mineral exhibits a green cathodo- 
lummescence, but W Crookes observed none M Ishibashi studied the effect 
of cathode rays C B Thwrng found the dielectric constant of feme oxide 
to be 14 20 According to J A Fleming and J Dewar, the dielectric constant of 
water at — 185° is very greatly increased in the presence of ferric oxide, but, from 
the slope of the curve, at lower temp , the effect would probably become less 
A Dufour showed that the spectral lme 5789 7 A shows the Zeeman effect when 
m a magnetic field of 28,000 gauss parallel to the hues of force C Doelter, and 
W Ackroyd and H B Knowles measured the absorption of X-rays by feme oxide , 
and C H Kunsman, the emission of positive ions P Martin observed the Kerr 
effect parallel to the chief axis evidenced by a positive rotation of 0 2" and it increases 
towards the violet and H E J G du Bois observed no Kerr effect vertical to the 
chief axis of haematite S Loria observed a smaller rotation than 0 2" when taken 
parallel to the base G A Dima found that the photoelectric effect of feme 
oxide is smaller than that of ferrous oxide H A Barton and co-workers, and 
E Badareu observed the hberation of positive ions by heated feme oxide 
A Wehnelt observed no emission of electrons at 1 600°, # but F Jentzsch observed 
the effect The thermionic emission of electrons between 2000 p and 2500° was 
studied by G P Thomson, G W C Kaye and W F Higgins, and A K Brewer , 
the surface electrons, by J E Nyrop , and the reflection of electrons from a film 
of feme oxide, by E Rupp and E Schmidt R Whytlaw-Gray and co-workers, 
and E Thomson found that the particles which exhibit the Brownian movement 
form straight chains under the influence of an electrostatic field 

R J Hauy observed that haematite is electrified like glass when it is rubbed 
with a handkerchief The electrical conductivity of feme oxide is good compared 

with that of many other metal oxides 
G Cesaro reported that the electrical con 
ductmty of haematite is negligibly small , 
and F Beijermck obtamed a similar result, 
but added that martite is a good con 
ductor, and that the conductivity m 
creases with rise of temp Observations 
were made by P J Pelletier, S P Thomp 
son, J F L Hausmann and F C Hen- 
nci, E Wartmann, W Skey, F von 
Kobell, and T du Moncel A Abt found 
the electrical resistance of haematite to 
vary from 1430 52 to 6500 ohms R D Harvey studied the subject H Back- 
strom found that the mineral is a good conductor, and that the conductivity 
of the crystal is different in different directions Thus, the conductivity in the 
direction of the principal axis (0001) is nearly double what it is when perpendicular 
to that axis If R c denotes the electrical resistance m the direction of the principal 
axis, and R a , the electrical resistance m a direction inclined to that axis, then, at 0°, 
2?<r=80 8, and F a =40 8 , at 17°, R c = 68 7, and R a =25 1 , and at 100°, £ c = 33 1 
reduced to a length of 1 sq mm section , and i? a =18 3 The ratios RJR a ar e 
reepecfeivelv 1 98, 1 96, and 1 81, while at 236 7°, the ratio is 1 55 For a temp 6°, 
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between 0 ° and 80°, the resistance, R } m a direction parallel to the chief axis, is 
#=. 80 ( 1+0 0141780+0 031253302—0 O 6 5162103) , and the resistance in a direction 
perpendicular to the chief axis, #=# 0 (l-0 0127960+0 O 3 11O802-O O 6 4646403) 
The resistance of haematite was 38 4 ohms at 19 9° when 3 01 per cent of moisture 
was present Heating a specimen to 1000° and coolmg rapidly gave a specimen 
which was a poor conductor, but with slow cooling the conductivity was greater 
J Komgsberger and co-workers, O Reichenheim, and K Baedeker obtained results 
m agreement with these “values J Rosenthal observed that the conductivity of 
compressed feme oxide is perceptible at 300°, and mcreases as the temp rises 
A A Somerville found the resistance of a rod at 252° was 10 7 ohms and only 
80 ohms at 1100 ° Observations were made by S Hilpert and E Kohlmeyer, 
J A Osteen, J Komgsberger, S Veil, 0 C Bidwell, G Reboul and E Bodm, 
G Reboul, and E Bodin C 0 Bidwell s results for feme oxide are summarized 
in Fig 525 The electrical resistance is represented in terms of log 10 #/T 3 ' 2 , where 
T denotes the absolute temp , and R the resistance There are breaks in the curve 
at 1320° and at 730° T W Case observed no change in the electrical resistance 
of hematite on exposure to light E Diepschlag and F Wulfestieg studied the 
high temp electrical conductivity of ferrosic oxide mixed with silica, magnesia, 
or alumina T Frey observed no unipolarity m the compressed powder of feme 
oxide 

Observations on the thermoelectric force of feme oxide were made by T J See- 
beck, and W G Hankel According to H Backstrom, the thermoelectric force 
between copper and haematite is such that a current flows from the base of the 
crystal through the hot junction to the copper with an e m f of 0 0002879 volt per 
degree rise of temp , but if the hot junction is parallel to the chief axis, the e m f 
is 0 0003138 volt per degree J Komgsberger and J Weiss obtained 0 0005 volt 
per degree at about 50° C C Bidwell s results for feme oxide against platinum 
are summarized in Fig 525 There is a transformation point between 710° and 
730°, and one at 1320° There is a reversal in sign at 1125° J Komgsberger 
discussed the theory of the thermoelectric force of feme oxide against the metals 

W D Treadwell measured the press of the oxygen m the transformation 
Fe 2 0 8 ->Fes 0 4 from the electromotive force of the oxide against an electrode of 
molten silver sat with oxygen m the cell FegO^FegO [molten borax or glass 1 0 2 ,Ag 
between 800° and 1193° The result is 0 262 volt, from which it is calculated 
that 2Fe 3 0 4 +£02=3Fe20 8 +61 3 Cals , 0 897 volt was obtained for the cell 
Fe,FeO | electrolyte | 0 2 ,Ag, from which it follows that 3Fe0+J0 2 =Fe 8 0 4 +74 2 
Cals , and 1 040 volt for the cell Fe,FeO | electrolyte | 0 2 , A g, from which it follows 
Fe+|0 2 =Fe0+66 6 Cals W D Treadwell gave for the emf of the cell 
Fe 8 0 4 ,Fe 2 0 8 1 electrolyte | 0 2 , m volts 

980 1000 1010 1018 ° 1060 ° 1080 1080 ° 1100 ° 

Emf 0285 0262 0285 0 251 0 229 0 213 0 225 0 200 

and the value at 1100 ° is m good agreement with the value calculated from 
the dissociation press E Liebreich, and E Liebreich and F Spitzer 
gave for the emf,# volt, at 20°, of the cell FegOg | KC1,H 9 S0 4 1 Fe, #=0 090 , 
Fe 2 0 3 |KaH 2 S0 4 |KaHgCl 2 |Hg, #=- 0 526 , and FeAlKCl NaOH|KCl,HgCl 2 | 
Hg, #=—0520 For single crystals m the cell Fe 2 0 8nat mai | Cone feebly 
acidified soln ZnS0 4 1 Zn, G Szivessy gave #=1 3335 volt at 18° Y H Gotts- 
chalk and H A Buehler found that the electromotive force of haematite against 
copper m distilled water is 0 08 to 0 26 volt S B Christy, and A von 
Oettmgen measured the potential of feme oxide in soln of potassium cyanide 
K Fischbeck and E Einecke observed only 1 per cent reduction of feme oxide 
used as cathode, and this was attributed to the eflect of impurities, or of occluded 
hydrogen F Peters, when comparing the capacities of accumulators with negative 
plates of natural and artificial feme oxide, obtained no evidence of the electrolytic 
inactivity of feme oxide indicated by T A Edison, and P de Beaux The subject 



800 


INORGANIC AND THEORETICAL CHEMISTRY 


was discussed by 0 Pattenhausen K Fischbeck and E Emecke studied the 
electrolytic reduction of solid ferric oxide, K R Dixit, the potential, and 
S Borowik, the electrolytic valve action of ferric oxide 

Ferric oxide is usually paramagnetic, but it also exists m a ferromagnetic form 
both m nature and as a synthetic product , and this even m the absence of magnetite 
Haematite may not only have a feeble magnetic power, but it may also exhibit 
polar magnetism J Plucker said that the relative magnetic powers of iron and 
haematite are as 100,000 759 The magnetic power of haematite was also noted 
by M Faraday, L F Nilson and O Pettersson, T J Seebeck, A C Becquerel 
E Colardeau, C B Greiss, C F Rammelsberg, A Streng, H A J Wilkens and 
H B C Nitze, F Bitter, R Forrer, and T L Phipson W M Mordey said that 
an alternating current magnet with hsematite powder does not form radical lines 
of force about the poles as with ordinary ferromagnetic substances, but the 
powder arranges itself m rings According to J L Smith, ferric oxide is 
magnetic when it contains small proportions of cobalt or nickel oxide The 
magnetic properties of ferric oxide have been attributed by F J Malaguti, 
S de Luca, J L Smith, S H Emmens, G Gilbert, A Collon, O Mugge 
T T Smith, W H Newhouse and W H Callahan, L Duparc and co workers* 
S Hilpert and co workers, R Che\allier, R B Sosman and J C Hostetter 
P A Wagner, G Frebold and J Hesemann, DPR Chaudhun, V Damloff 
and co workers, O Baudisch, A Quartaroli, G Jouravsky and co workers 
H Sachse, G E Allan, and G E Allan and J Brown to the presence of ferrous 
oxide, ferrosic oxide, or a ferrite H A J Wilkens and H B C Nitze, and 
S Veil discussed the magnetic separation of hsematite 

According to S Hilpert, since ferrosic oxide (qv) is constituted FeO Fe 2 0 3 , 
% e ferrous ferrite, Fe(Fe0 2 ) 2 , or (Fe0) J "(Fe 2 0 3 ) , the magnetic property is attn’ 
buted to the acidic radicle When ferrosic oxide is oxidized to red, ferromagnetic 
oxide, only the base ferrous oxide is oxidized to form ferromagnetic feme oxide 
constituted (Fe 2 0 3 ) + (2Fe 2 0 3 )“ Consequently, S Hilpert assumes that metastable, 
magnetic feme oxide is constituted Fe (Fe0 3 )"', ferric orthoferrite, whilst the 
non magnetic feme oxide is constituted Fe 2 0 3 " R B Sosman referred the 
magnetic qualities to the spacing and orientation of the iron atoms, without reference 
to the other atoms of the molecule E V Shannon said that terrestrial ferro 
magnetic feme oxide is not the same as the product of the oxidation of meteorites 
G E Allan and J Brown found that both haematite and artificial ferric oxide 
become magnetic when heated in a magnetic field, and on cooling from 1000°, 
both oxides become permanently magnetized, presumably owing to the formation 
of ferrosic oxide In hydrogen, the temp at which the magnetic power is acquired 
is higher (300°), and is more sharply defined than it is m air The curve showing 
the relation between the magnetic power and temp , m hydrogen, has maxima at 
425 , 575 , and 750°, and these breaks are supposed to indicate the optimum temp 
for the various stages m the reduction of ferric oxide by hydrogen H Moissan 
observed that feme oxide becomes magnetic when heated m the electric furnace, 
and A A Read, when it is heated m the oxyhydrogen flame The phenomenon is 
here attributed to the formation of magnetic ferrosic oxide, and not to the forma 
tion of ferromagnetic feme oxide V Rodt obtained the ferromagnetic oxide 
by heating the product of the oxidation of hydrated ferrous or ferric oxide to 210° 
W H Albrecht and E Wedekind found that the magnetic susceptibility, x mfl,ss 
units, of the hydroxide prepared by R Willstatter and co-workers’ process had a 
susceptibility 

Ag^ _ ^ 5 . 1 1 5 4 6 25 30 

M °kF° 2 01 1 6 1 31 1 27 1 22 1 08 10 

116 191 192 192 155 99 60 

When prepared by precipitation from ferric nitrate soln , by ammonia at different 
temp J 
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Temp 
Mols H O 
XXlO® 


Hot washed 

t ■ 1 - 

0° 25° 50° 100° 

1 43 1 52 1 45 1 12 

285 324 323 255 


Cold washed 

/'■■■ 1 1 ■ — . 

0° 25° 50° 100° 

2 37 2 11 2 09 1 38 

203 2bl 237 230 


For the different hydrates 


H*0 40 35 21 12 05 

XXlO 6 85 140 158 159 210 


and for feme oxide prepared, at different temp , from iron pentacarbon\ 1 

815 72o 575 4o0 

XXlO® 2600 1100 1600 1200 


According to E Wilson, if the magnetic susceptibility of magnetite is 10, 
that of red haematite is 0 00020 P Hausknecht, T T Smith, G Dupouv, J R Ash- 
worth, 6 F Huttig and H Kittel, L Blanc and G Chandron, H Sachse, A Serre&, 
M Faraday, J Komgsberger, S Meyer, E Fe>tis, P Weiss and R Forrer, 
J Plucker, G Wiedmann, F J Malaguti, L Kulp, S Henrichsen, A Ditte, 
F Rmne, C F Rammelsberg, A Delesse, G A Kenngott, A Liversidge, 
T L Phipson, G B Hogenraad, A Abt, F Schalch, F Stutzer and co worker*, 
J Knnz, B Bavmk, and E Wilson and E F Herronn made eomparatrv e measure- 
ments of the magnetic susceptibility of feme oxide W Hagen compared the 
susceptibilities of feme oxide and chloride R Wallach measured the relative 
susceptibilities of feme oxide prepared ( 1 ) by ammonia precipitation from a cold 
dil soln of feme chloride , (n) from hydrated feme hydroxide obtained as ]ust 
indicated, but heated in boiling water , and (m) by the action of water on sodium 
femte The first oxide gave a marked break m the heating curve at about 350°, 
and the third gave a break at about 750° W H Albrecht found that feme oxide 
obtamed by calcining ferxosic oxide at 650°, 700°, and 1000°, in oxygen, had a 
magnetic susceptibility ranging from 3 4x10”* to 88x 10~* mass unit, and 
samples prepared by beatmg hydrated feme oxide had \ alues ranging from 22 X 10”* 
to 34xl0~* mass unit G Wistrand gave 60 7x10-*, E Wedekind and 
W H Albrecht gave ^=220x10”* to 2600x10“* for feme oxide obtamed by the 
combustion of iron pentacarbonyl , L A Welo and O Baudiseh, 144,000x10“"* for 
the oxide obtamed from ferrosic oxide at 300°, and 2700 X 10~* for the oxide obtamed 
from ferrosic oxide at 550° E F Herroun and E Wilson, 22,800x10“* to 
55,000x10“* for the oxide obtamed by dehydrating lepidocrocite, y-Fe 2 0^ H s O , 
128,000 X 10~* for the oxide obtamed from feme oxide, 34,700x10”* for the 
oxide obtamed from ferrous oxalate , 63x10“* for the oxide obtamed from basic 
feme acetate , and 4400 X 10“* for powdered iron-rust free from ferrous oxide , 
K Honda and T Sone obtamed for commercial feme oxide, 20 6 X 10” 6 at 10 5° 
to 17 5°, G Bemdt, 262x10”* for 22=27 gauss, and 354x10”* for 27=201 7 
gauss , and R Chevallier, 122,000 X 10”* for the oxide obtamed from ferrosic oxide 
at 400°, and 12,700x10”* for the oxide obtamed from ferrous sulphate soln , 
soda-lye, and hydrogen dioxide The effect of impurities on the susceptibility 
was examined by E F Herroun and E Wilson, J Huggett and G Chandron, and 
S Veil J Komgsberger, S Meyer, and G Bemdt found that the susceptibility , x> 
decreases with an increase m the strength of the magnetic field but L A Welo 
and O Baudiseh found that the susceptibility of feme oxide obtamed by oxidizing 
ferrosic oxide increases as the field strength increases up to 65 gauss G F Huttig 
and H Kittel found that the values varied with the mode of preparation , for a 
specimen of FegOg, the magnetic susceptibility was 22 8x10”* mass umt, and 
after heating m oxygen 4 hrs at 600°, 57 6 x 10”* mass umt The dissolved oxygen 
thus raises the susceptibility The oxygen is adsorbed on the surface, or it is 
diffused m the lattice A Krause and co workers attributed the magnetic 
VOL XIII 3 p 
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properties to the — Fe=O a =Fe— group, and represented the constitution of 
ferromagnetic y Fe?0 3 , by 

Fe<2>l | e 
i u I 

0 O 

1 0 1 

Fe<Q>ie 


According to E F Herroun and E Wilson, for a maximum field strength, 
// =-180 gauss, the permeability is a maximum, /x=3 68 , the coercive force, H c =64 7 
giuss and the remanent induction, S r =252 gauss The remanence was studied 
by E Holm, C B Greiss, A Delesse, A Abt, and R B Sosman and J C Hostetter 

T T Smith observed that the 



Fic 526 — Hysteresis Loops of Magnetite and 
Ferromagnetic Ferric Oxide 


normal mignetization cum of 
haematite has a sharp rise followed 
b> a slow increase which is pro 
portional to the field strength The 
loss of energy In h\steresis m 
creases with an mere i so in the 
maximum field until it attains a 
constant value about 150 gauss 
H Forestier and G Chaudron found 
that the eoeff of magnetization of 
ferric oxide varies with the thermal 
and magnetic treatment to which 
the sample is subjected Startiug 
with an oxide devoid of all mag 
netization, the magnetization tern 
perature curve shows in increase 
in the coefficient of magnetization 


up to 600° , this is followed by a sharp decrease, which ends at 675° The 
magnetization temperature curve obtained on cooling is separated from that 
obtained on heating below 600°, and the coefficient of magnetization increases 
on cooling down to the ordinary temp On repeating the experiment with the 
same sample, a curve is obtained which is rigorously reversible and superposable 
on the cooling curve of the first experiment , moreover, the sample is now 
polarized Magnetization can he destroyed by heating beyond 675° and cooling 
m a non magnetic field Under the same conditions with magnetite and femtes, 
a \erv sharp increase m the coefficient of magnetization is obtained The 
subject was also discussed by J Huggett and G Chaudron, B Che\allier, and 

G Berndt K B Sosman and E Posnjak 


^ 0 175 \ — — r- - r ■ r ~r~ - r - rgn — — r—r—i found that the hysteresis loops of mag 

netite, and ferromagnetic ferric oxide— 
■a j natural and artificial — are different, 

| 0I00 ^ ST Fig 526 C W Heaps, and C W Heaps 

10 1%° j and J Taylor observed the Barkhausen 

J /i Ot V 1 effect m the magnetization of crystals of 

V haematite J Kruckenberg studied the 

^ 0 l 2 3 4 5 6 7 8 9 10 II 12 hn magnetostriction of ferric oxide 

« ro- < ni j rp According to H Sachse,andH Sachse 

Fig 62/ — The Effect of Time and Tern j -r> tt xr 

perature on the Magnetic Susceptibility an ^ ® Haase, the regular fen: 8 11 

of Ferromagnetic Fernc Oxide ferric oxide is unstable at all temp -ta© 

susceptibility lost about 60 per cent of 
its original \alue m 4 years, and at the same time, the faculty of transformation 
is greatly increased The effect of temp and time on the susceptibility is illustrated 
m Fig 527 The curves show a penod of induction The unstable ferromagnetic 
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oxide is a pseudomorph ifter magnetite and this changes to that of ordinary, 
stable ferric oxide H Sachse studied the X radiograms 

E F Herroun and E W ikon found the magnetic susceptibility of hfematite to 
range from 25 0 x 10~ 6 to 36 8 x 10~ 6 m i s unit, and that of &pecular iron ore from 
107xl0~ 6 to 517xl0~ r> G Grcnet obtamed values ringing from 31bxl0~ 6 to 
9xl0“ 6 for the ooeff of nngnetizition T D Yensen studied the magnetization 
of thm films J T\ndali and H Knobhuch J Kunz 0 Mugge, A Ginrd and 
G Chaudron, B Bavink, and T T Smith studied the relit ion of the m ignetic field 
and the xxes of the crystal on the magnetization J \\ e&tman found that a crystal 
of hematite is paramagnetic m all directions, but the magnetic susceptibility m the 
direction of the principal axis, (0001), is only a few hundredths of its y ilue taken 
perpendicular to the chief axis Thus, the magnetic susceptibilities m absolute 
units, with a field strength, H t are 

H 48 60 72 Mean 

Perpendicular to chief a\is 1 780 1 840 1 000 1 840 

Parallel to chief axib 0 050 0 07 3 0 093 0 072 

K Honda and T Sone found that the m ignetic susceptibility % miss units of 
paramagnetic ferric oxide increases as the temp rises from — 173 3 someth it 
follows 

-173 -52 104 371 j% 690 si7 1301 

X X10« 13 9 15 4 20 4 21 2 25 1 32 4 14 7 14 7 12 6 

The rapid mere ise m the susceptibility in passing from ibout 0° to 596^ is attributed 
to the presence of traces of magnetite The rapid decreise m the susceptibility 
from about 596° represents the known magnetic transformation on magnetite it 690° 
The curve Fig 527, represents the susceptibility of hematite at elevated temp 
Hence, it is inferred that the susceptibility of pure h ematite would suffer a small 
decrease on raising the temp from —190° to 1300° When ordinary paramagnetic 
ferric oxide is cooled, the susceptibility falls rapidly down to —40°, and thereafter 
very slowly, from —40° to —185°, the curve is reversible, but when wimied above 
—40°, if m a magnetic field, the haematite becomes ferromagnetic, so that at room 
temp , the susceptibility is nearly twice the value of the original sample W ith 
further heating to about 600°, the susceptibility increases irrev ersibl} m the magnetic 
field, and then rapidly falls to the original value at about 690° Above this temp , 
no mar ked change occurs, and what there is, i*> reversible On cooling below 690° 
m a magnetic field, the susceptibility increases as the temp drops to room temp 
The susceptibility induced by this heat-treatment is much below that of magnetite, 
but during the change of temp from —40° to 600°, if carried out in a magnetic field, 
the material becomes ferromagnetic 

S Hilpert gave 500° for the Curie point, he ilso found an irreversible trans- 
formation which occupies some days at 400°, a few hours at 500" and is almost 
instantaneous at 700° J Huggett and G Chaudron gav e 675° for the Curie point , 
and there is an anomaly at 570° which is attributed to the presence of a little 
magnetite R B Sosman and E Posnjak found that natural ferromagnetic feme 
oxide becomes paramagnetic at 750° E F Herroun and E W lison observed that 
the effect of temp on the susceptibility is greatly influenced by the mode of pre 
pantion of tbe samples , and L Blanc and G Chiudron, b\ the gram size of the 
material R B Sosman and E Posnjak also found that ferromagnetic feme oxide 
undergoes two types of inversion at high temp (1) A. reversible inversion, con- 
sisting m a relativ el} sudden change from ferromagnetic to paramagnetic at a temp 
not far above 500° On cooling, the ferromagnetic condition is agun assumed 
This inversion is similar to those m metallic iron and m magnetite, although at a 
different temp (2) An irreversible inversion, consisting in a complete loss of the 
ferromagnetic property, the oxide becoming like ordinary paramagnetic Fe 2 0 3 
and perhaps identical with it This change occurs at an increasing rite is the 
temp rises, being slow at 500°, while it is complete m a few minutes at 650" and 
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higher L A Welo and 0 Baudisch observed that when magnetite is oxidized 
to ferric oxide at 220°, there is an increase in the maximum magnetic permeability 
from 2 93 to 3 39, and when magnetic ferric oxide is heated to 550° m nitrogen, the 
permeability falls to 1 045, the value for non magnetic haematite Magnetite can 
be heated at 800° in an inert atm without permanent loss of permeability 
L H Twenhofel observed the transition from ferromagnetic to paramagnetic ferric 
oxide occurs at 500°, and bv heating natural ferrosic oxide, ferromagnetic feme 
oxide can be obtained at 800° J Huggett and G Chaudron also found that ferro 
magnetic ferric oxide is irreversibly transformed, into the non-magnetic variety, 
when heated to a high enough temp , and heat is at the same time evolved The 
reversibility with the ordinary, impure oxide is attributed to the elevation of this 
temp above the pomt of magnetic transformation The magnetite break occurs 
at 570° with specular ferric oxide, and martite The Curie point occurs at 620° 
There is a maximum m the curve with the purified oxide at 350°, and this is taken 
to represent the transformation temp for the passage of ferromagnetic ferric oxide 
to the ordinary oxide R Yoshimura noted that the presence of chromic oxide 
lowers the transformation temp H Abraham and R Plamol, L Blanc, and 
L Blanc and G Chaudron observed that the magnetic form is converted into the 
non magnetic from at 600° to 650° , R Chevallier said that there is a rapid decrease 
in the ferromagnetism at 600° to 700°, but is not completely gone at 745°, R B Sos 
man and E Posnjak said that the irreversible change is slow but noticeable at 500°, 
and that it is rapid at 650° The change at approximately 678°, which may involve 
a re crystallization of the oxide, is probably associated with the rearrangement of the 
atoms m the molecule where the metastable, ferromagnetic molecule forms the 
stable molecule of paramagnetic haematite The Curie point where there is a 
reversible loss of ferromagnetism is probably not associated with any molecular 
rearrangement of the molecule of ferric oxide , at any rate, the X-radiograms of 
iron, and of magnetite show that no change occurs m the space lattice of the crystals 
The reversible loss of the ferromagnetism of ferric oxide occurs just over 500°, 
a temp which is lower than 593 5°, the Curie pomt of magnetite It is thought 
that the magnetic change is associated with the electrons m one of the first three 
shells of electrons of the atom of iron K T Compton and E A Trousdale, and 
A H Compton and O Rognley could not detect any change in structure when 
crystals of hsematite are placed m a strong magnetic field 

J Beyer found that m a senes of solid soln of feme and ferrosic oxides, the 
magnetizability decreases as the proportion of feme oxide increases, and with 
over 82 peT cent , it becomes zero J Huggett and G Chaudron examined the 
magnetic properties of mixtures of feme and ferrosic oxides as they were raised 
quickly to 800°, and then cooled The regular magnetic transf oimation of magnetite 
at 570° appears m all mixtures with up to 90 per cent of feme oxide , there is a 
magnetic anomaly at 670° with high proportions of feme oxide, and at 650° with 
mixtures having from 10 35 to 80 54 per cent of ferrosic oxide The anomaly 
could be faintly traced with mixtures having a little more ferrosic oxide It is 
assumed that mixtures with up to 10 35 per cent of ferrosic oxide are solid soln of 
ferrosic oxide in an excess of feme oxide, and that the transformation pomt is 
lowered by increasing proportions of ferrosic oxide until, at 10 35 per cent , the 
solid soln is saturated, and any further addition of ferrosic oxide will remain as a 
new solid soln of feme oxide m ferrosic oxide, and the new solid soln does not 
mix with the sat soln of feme oxide in ferrosic oxide The solid soln of ferrosic 
oxide m feme oxide is sat when 80 54 per cent of ferric oxide has dissolved, and 
any further addition of ferrosic oxide produces soln of magnetite that are not sat 
with feme oxide The magnetic transformation of ferrosic oxide in the range 
tested is not altered by the ferrosic oxide being in solid soln The temp of the 
polymorphous change of the feme oxide is definitely lowered by increasing pro- 
portions of ferrosic oxide R B Sosman and J C Hostettei found the suscepti 
bility to be proportional to the amount of ferrosic oxide present in soln No 
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indication of intermediate compounds was observed b> R B Soslan and 
J C Hostetter or by J Huggett and 0 Chaudron R Becker and H WF 
lick studied the disposition of colloidal particles of feme oxide on the sur£ 
a magnetized iron plate 

The chemical properties of feme oxide — The transformations of haematite 
m nature have been discussed by J R Blum, 13 A H de Bonnard, E von Federoff 
and S N Nikitin, A Frenzel, T Grandjean, G Grattarola, R 0 van Hise, 
H A Miers, R Pumpelly, and G Tschennak H Wedding and T Fischer found 
that haematite absorbs 0 0002 to 0 0008 mgrm of hydrogen per gram — W A Lazier 
and H Adkins said that none is absorbed Feme oxide is reduced to iron when 
heated in hydrogen G Magnus said that the lowest temp at which reduction 
occurs is a little above the b p of mercury, namely, 357° If reduced at the lowest 
possible temp , the metal is pyrophonc , H Moissan obtamed the pyrophoric metal 
b} reducing the oxide at 440° , if, however, the oxide be reduced at higher temp 
— eg 600° — the product is not pyrophoric Observations on the action of 
hydrogen on feme oxide were made by G E Allen and J Brown, A Brun, 
H Fleissner and F Duftschmid, A C Fieldner and A L Feild, C G Fink 
and C L Mantel, S Hauser, P Sabatier and J B Senderens, H Nishimura, 
C Kroger, M O Kharmadaryan and G V Marchenko, and F Strome} er 
R Yoshimura discussed the use of ferric oxide in oxidizing the hydrogen m 
water gas W A Lazier and H Adkins discussed the adsorption of hydrogen 
C R A Wnght and A P Luff said that the reduction occurs at 245° , and 
F Glaser said that the reduction occurs at 245° , reduction was observed during 
4 hrs ’ heating at 283° E Vollgold said that hydrogen acts vigorously at 475° 
M Siewert reported that feme oxide is not reduced at 270° to 280° by hydrogen , 
at 280° to 300°, ferrous oxide is formed , and above 300°, at about 357°, the metal 
is produced H S Taylor and R M Burns found that even after 26 days, the 
reduction of feme oxide by hydrogen is not completed at 450° G B Taylor and 
H W Starkweather said that feme oxide gel is reduced to ferrosic oxide at 350°, 
and to metallic iron at 450° , ignited feme oxide is not appreciably reduced at 350°, 
but it passed to the metal at 450° , alumina and chromic oxide retard the reduction 
The copper (or nickel) first produced during the reduction of copper (or nickel) 
oxide by hydrogen acts as a catalytic agent on the subsequent course of the reaction, 
but P H Emmett, and A F Benton and P H Emmett observed no autocatalysis 
during the reduction of feme oxide by hydrogen P H Emmett likewise ob- 
served no evidence of the autocatalysis of the reaction by the iron as it is reduced 
from the oxide For the reduction of the molten oxide, vide supra , ferrosic oxide 
F WustandP Rutten showed that the temp of the beginning of the reduction 
as well as the speed of the reduction depends on the previous history of the feme 
oxide Thus, according to W Muller-Erzbach, moist feme oxide, obtamed by the 
roasting of iron, begins to be reduced at 293°, and if dry, at 305° to 330° , moist 
feme oxide obtamed by roasting the cxalate is reduced at 278°, that obtamed from 
the hydrate, at 286°, and haematite, or very strongly calcined feme oxide, at a 
red-heat A F Benton and P H Emmett found that the oxide, obtamed by 
calcining the nitrate at 525°, is reduced less readily at 300° than is the precipitated 
oxide, dried at 250°, and it is reduced at 285° S Hilpert found that ferric oxide 
obtamed from the oxalate at 800°, 1000°, and 1200°, begins to be reduced by hydrogen 
respectively at 280° to 290°, at 290°, and at 330° to 350° , and feme oxide obtamed 
by heatmg the hydrated oxide to 400°, 850°, 950°, and 1200°, begins to be reduced 
respectively at 280°, 280° to 290°, 300°, and at 330° to 350° P H Emmett and 
K S Love found that the rate of reduction of the cubic feme oxide is rather quicker 
than is the case with the rhombohedral oxide The rate of reduction of either oxide 
is reduced 50 to 90 per cent if the oxide has been heated at 550° instead of at 300° 
The presence of alumina does not affect appreciably the rate of reduction of Fe20 s 
to Fes0 4 , but it markedly retards the speed of reduction of FesO* to Fe K Hof- 
mann found the speed of reduction of feme oxide is greatest when the gram size is 
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between 0 02 and 0 05 mm diameter with smaller grnns, sintering retards the 
reactions J Perc\ said that in the reduction by hydrogen, ferrosic oxide appears 
to be first formed, and if the reduction occurs at a low temp the product will 
sometimes be found to consist almost entirely of the magnetic ferrosic oxide and 
it is then coloured black, not grey According to E Berger, the curve representing 
the quantity of ferric oxide i educed in hydrogen at 209 5° after different intervals 
of time has a break corresponding with Fe 3 0 4 , but not with FeO 4 F Benton 
and P H Emmett found that at 285° to 300°, the speed of reduction is greatest at 
the beginning and decreases continuously until the composition has attained Fe 3 0 4 , 
or just a little beyond this stage, when it proceeds at a nearly constant rate 
K Hofmann observed that ferrosic oxide is reduced more slowly than ferrous oxide 
under similar conditions The speed of reduction of powdered ferric oxide is a 
maximum at about 550°, and at about 100° , that there are minima in the curve at 
about 750°, and between 900° and 925° These minima also occur with ferrosic 
oxide K Hofmann also said that it is unlikely that ferric oxide is reduced m 
stages Fe 2 O a ->Fe 3 04->FeO->Fe, because below 564°, ferrous oxide does not 
uppexr in the equilibrium diagram, Fig 20, and ferrous oxide is formed more 
readily than ferrosic oxide or iron , whilst above 564°, ferrosic oxide is not formed 
F Glaser, and H Moissm supposed that the reduction proceeds m the stages just 
indicated, but S Hilpert also showed that this assumption is mcht nchtig Accord 
mg to E T Rode, the time temp curve of ferric oxide m hydrogen exhibits two 
breihs, one at 300° to 325° corresponds with the formation of ferrosic oxide, and 
the other, at 350° to 370°, corresponds with the reduction of ferrosic oxide to 
iron There is no e\ idence of the intermediate formations of ferrous oxide 


H Kamura measured the speed of reduction of haematite by hydrogen Nearly 
perfect reduction can be effected m about 2 hrs at 500° As the temp rises from 

500° to 600°, the higher the temp , the 



Fig 528 — The Effect of Temperature on 
the Speed of Reduction of Haematite by 
Hj drogen 


faster the reduction, Fig 528 Prob 
ably the reduction proceeds m stages 
Fe 2 0$ — > Fe 3 0 4 — > FeO — > Fe He also 
measured the relation between the 
temp and the vol of hydrogen passed 
o\er the heated haematite, and the re 
suits are m general agreement with the 
results for the equilibrium constant, 
jK:=[H 2 0]/[H 2 ], which increases as the 
temp increases At 600°, the speed of 
reduction increases rapidly, and the vol 
of hydrogen employed decreases sud 
denly, presumably owing to the appear 
ance of the new phase, FeO, which 
could not exist below 570° Above 600°, 


the speed of the reduction does not m 
crease as it does around this temp , and the vol of hydrogen used does not make 
much difference Hence, H Kamura inferred that this would be the most economical 


temp for the reduction of iron ores bv hydrogen The subject was studied by 
S Mita, and H Saito G E Allan and J Brown suggested that the breaks observed 
m the curve representing the magnetic properties of the products obtained by the 
action of hydrogen on ferric oxide represent various stages m the reduction of feme 
oxide S Hilpert, and J Beyer found that at 500°, there is a sharp break m the 
a eloeita of the reaction when the composition approximates Fe 3 0 4 , at higher 
temp , the products — solid soln — contain more and more ferrous oxide, until at 


1100°, 98 5 per cent ferrous oxide is present If water vapour be absent, and 
hydrogen alone be employed as reducing agent, definite intermediate reduction 
products cannot be isolated M Tigerschiold said that the reactions 3Fe2O s +C0 
“^G 2 +2Fe i 0 4 and 3Fe 2 03+H2=Ho0+2Fe 3 0 4 are practically irreversible 
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K Hofmann emphasized the effects of surface phenomem during the reduction, 
and did not obtain ferrosic oxide as an intermediate product A F Benton and 
P H Emmett concluded that the reduction of ferric to ferrosic oxide k a " non- 
interfacnl reaction— utfe nickel oxide H Debra\, H St C Deville, E Biur 
md 4 Glassner, and G Preuner made observations on the equilibrium conditions, 
x subject 'which has been previoush discussed L Wohler md 0 Bil/ gave for 
jr= ( H 2 0 1 iH 2 \ m concerting Fe 2 0 3 to Fe 3 0 4 , K = 7 5 at 350~ and 17 9 at 950° 
For W Blitz and H Muller s observ at ions on the equilibrium Fe 2 0 3/ Fe 3 0 4 =p Hi o[p H , 
vide supra , ferrous oxide The gas phase m the 3 phase equilibria FeO+Fe— G, 
and Fe 3 0 4 +Fe0+ G has been studied both as [CO ' L C0f and JEI 2 , H 2 0 The 
svstems are univariant at constant press , but the relations are independent of 
press , so that there is no need to keep the press constant F E C Scheffer studied 
the subject from the point of view of the phase rule According to 4. Borntrxger, 
ferric oxide is reduced by nascent hv drogen so that if ferric oxide be idded to 
hydrochloric acid m which metallic iron is dissolving, it is quickh reduced end 
dissolved as ferrous chloride A F Benton studied the adsorption of hv drogen b\ 
ferric oxide \\ A Bone and R V Wheeler noticed that ferric oxide, like 
platinum, acts catal} ticall} m the surface combustion of h\ drogen m oxvgen — 
vide infra 

R Ruer and J Kuschmann found that ferric oxide, 'which has been calcined at 
700°, adsorbs air to the extent of 0 0025 per cent at room temp J Milb rner 
observed that if ferric oxide be heated to 480° m oxygen under 12 atm press , no 
chemical change occurs, and no higher oxide is formed A F Benton studied the 
adsorption of ox> gen bv ferric oxide Sev eral oxides between ferric and ferrosic 
oxide have been reported The irregularities m the dissociation press of ferric 
oxide led S Hilpert to suspect the formation of intermediate oxides E J Kohl- 
meyers observations on the cooling curves of ferric oxide, -which had been heated 
rapidly to its m p , showed breaks corresponding with the three oxides, ferrous 
tr if erne oxide , FeO 3Fe 2 0 3 , triferrous pentaferric oxide , 3FeO 5Fe 2 0 3 , and tr ferrous 
tetraferric oxide , 3FeO 4Fe 2 0 3 , as well as inversion points at 1028° to 1035° and 
at 1250° to 135CT , but R B Sosman and J C Ho&tetter were unable to detect 
any evidence of these compounds or these inversion points They did find a sharp 
inversion on the cooling curve at 678°, and a barely detectable irregularity between 
755° and 785° O Hauser, and H Chandra obtained tetraferrous feme oxide, 
4FeO Fe 2 0 3 —u<fe supra, andF Kaufmann,H Chandra, andF Haber also reported 
d ferrous trferric oxide , 2FeO 3Fe 2 0 3 , to be deposited on heating, m the absence of 
air, the golden v ellow soln obtained b} electrolyzing at 0° a soln of ammonium 
nitrate using a carbon anode and an iron cathode, and a cathode current density * 
of 0 00002 amp per sq cm It is said to be obtained b} boiling a soln of 21 grins 
of crystalline ferrous sulphate in 220 grms of water and 22 grms of 20 per cent aqua 
ammonia , adding 2 5 grms of potassium nitrate, in small quantities at a time, 
and continuing the boiling for 15 mins The product is bluish-black while ferrosic 
oxide is brownish-black H Chandra said that although this product can be dried 
at 180°, it is unstable at higher temp — mde supra , ferrosic oxide R B Sosman 
and J C Hostetter were unable to find any indication of its existence between 1100° 
to 1200°, and, as indicated above, the} showed that ferric and ferrosic oxides form 
a continuous series of solid soln over the ranges represented b> these products 
A Simon observed no solid soln of feme and ferrosic oxides R Ruer and 
J Kuschmann found that feme oxide which had been heated to 700° adsorbs air, 
but this property is almost completely lost when the oxide is heated to 1000° 

E Reichardt and E Blumtntt observed that 100 grms of ignited ferric oxide 
absorbed 39 grms of gas from the atmosphere, and that gas contained 83 per cent 
of nitrogen, 13 percent of oxygen, and 4 per cent of carbon dioxide P H Emmett 
and K S Love observed that the catalytic decomposition of ozone at —74° is 
equally rapid with the cubic and trigonal forms of oxide, but it is less rapid with 
varieties of either oxide which have been heated to 550° than those heated to 
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300° A Mailfert stated that ozone does not act on dry ferric oxide, but in the 
presence of potassium hydroxide, a ferrate is formed 

0 L Erdmann, L Brandt, and W Muller Erzbach discussed the adsorption 
of water vapour, or the hygroscopic properties of ferric oxide , S S Bhatnagar and 
S L Bhatia studied the rate of evaporation of adsorbed water from ferric oxide 
B Aarnio said that if feme oxide has been completely dehydrated it is not hygro 
scopic H Freundlich and co-workers studied the absorption of water by the 
oxide , and L V Lyutm, suspensions of the oxide m water P H Emmett and 
K S Love found that the adsorption of water is 10 to 60 per cent less with 
cubic ferric oxide than it is with the rhombohedral form In general, the 
adsorption with both forms of oxide is 75 to 80 per cent less with oxides 
which have been heated to 550°, than with those which have been heated 
onl> to 300° The catalytic activities of the two varieties of ferric oxide, on the 
rate of combination of hydrogen and oxygen are approximately the same with 
samples of both which have been heated to 250°, or to 550° O Rufi and 
A Riebeth prepared plastic mixtures of feme oxide with water, N- HC1 and N- KOH 
A Quartaroli, and E Rosenkranz studied the catalytic action of the oxide on 
hydrogen dioxide 

G Schikorr discussed the action of hydrated ferric oxide on water — vide infra, 
the corrosion of iron Ferric oxide is generally considered to be insoluble in water’ 
but C Doelter found that if haematite be heated on a water bath, at about 80°* 
with distilled water in a sealed tube, the water dissolves about 0 13 per cent , a 
sat soln of sodium chloride under similar conditions dissolved 2 74 per cent' m 
23 days , while a 10 per cent soln of sodium carbonate similarly dissolved 1 987 
per cent m 26 da}s J W Gruner observed that peat-water dissolved from 
haematite 25 parts of iron per million m 77 days, and 27 parts m 182 days R Ruer 
and J Kuschmann studied the adsorption of atm moisture by feme oxide 
According to H Wolbhng, anhydrous haematite cannot be hydrated by mixing it 
with aq soln of acids, bases, and salts, for no sign of such a change was observed 
after two } ears’ contact, but the hydrated forms of haematite may form higher 
hydrates m this way O Rufi studied the hydration of the oxide under press — 
vide infra P H Emmett and K S Love found that the catalytic activity of the 
two forms of feme oxide on the oxidation of benzidine or guaiacum by hydrogen 
dioxide is nearly the same provided the oxides have been heated to 300° , if heated 
to 550 , the activities of both forms are almost annulled Eor the action of sodium 
dioxide, vide infra , ferrates and perferrates 

H Moissan found that fluorine does not act on feme oxide m the cold, but when 
warmed feme fluoride is formed H Davy said that at a red-heat, chlorine does not 
act on feme oxide, hut it decomposes ferrosic oxide at a lower temp According to 
R Weber, and H Schulze, when feme oxide is heated to a high temp in a current 
of chlorine, a small proportion of feme chloride is formed , but E Mallet and 
P A Guye observed no action at ordinary temp W Kangro and R Flugge 
observed that something is wrong with some of these statements, for, with haematite 
at 1000 , 100 per cent of iron was volatilized as chloride m 210 nuns, and at 
800 , 88 1 per cent in 420 mins In another case, with an hour’s heating 

600 700 800 <>00 1000 

Loss in iron 0 9 14 2 29 6 60 2 75 8 per cent 

and at 900° 

Tune in hours 15 45 X 2 6 20 4 

Lossmiron 140 296 602 700-percent 

Hence, the action is quite perceptible at 700°, and it is rapid at 900° W A Roth 
gave Fe203+3C1 2 ==2F eCl 3 -f 30+ 7 4 Cals at 97° R Wasmuht observed that 
feme oxide alone reacts with chlorine at about 525° , if carbon is present, at 500° , 
“ sulphide or phosphide is present, at 250° V Spitzin also observed that 
chlorine begins to act on feme oxide at 400° L Mathesius observed that bromine 
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water does not attack ferric oxide, but a warm soln of bromine and ammonium 
acetate dissolves the oxide — a cold soln does not do so I L Bell found that an 
aq soln of iodine does not attack feme oxide 

As shown by J J Berzelius, and H Rose, feme oxide is more or less soluble 
m acids , but H le Chatelier observ ed that feme oxide which has been calcined at 
950° is insoluble in acids G- Gore studied the action of liquid hydrogen fluoride 
on feme oxide C W Scheele noted that ferric oxide is soluble m hydrofluoric 
acid , and E Zalinsky said that, unlike magnetite, haematite is but sparingly 
soluble m hydrofluoric acid E F Stahl found that calcined feme oxide dissolves 
more readily in hydrofluoric acid than it does m other acids According to 
E Deussen, the rate of solution of feme oxide m acids is s ma ller, the higher the 
temp at which it has been previously calcined He found that the following 
quantities of feme oxide were dissolved b} 10 c c of h} drofluonc acid, and hydro- 
chloric acid, at 25° 

Calcined Fe 2 0 3 * on calcined F<\0 1 

— A “ 


Tune 

4£ 

43£ 

139J 

4i 

21J 

452 hrs 

N HF 

0 0889 

0 2035 

0 2194 

0 1581 

0 2235 

0 2279 grm 

N HC1 

0 0224 

0 1000 

0 1910 

0 0409 

01230 

0 2125 grm 


With uncalcined feme oxide and 10 c c of 0 5 N acid at 25° acting for 2f, 23J, 
and 56J hrs , the amounts of feme oxide dissolved by HF were respectively 
0 0579, 0 1045, and 0 1162 grm , and with JAf-HCl, respectivelv 0 0126, 0 0382, 
and 0 0672 grm Similarly, with 10 c c of JJV-acid acting for 2f, 24f , and 142 J hrs , 
the amounts of feme oxide dissolved by JW-HF were respectively 0 0180, 0 0475, 
and 0 0534 grm , and by Jtf-HCl, respectively 0 0040, 0 0120, and 0 0306 grm 
With a mixture of equal vols of 2V-HC1 and AT-HF, the amounts of non-calcined 
feme oxide dissolved m 2f, 23f, 96, and 264 hrs were respectively 0 1011, 0 1976, 
0 2223, and 0 2297 grm , and by equal vols of W-HC1 and W-N aF in 2|, 23|, 72£, 
and 215 hrs , respectively 0 0444, 0 0743, 0 0757, and 0 0766 grm The subject was 
studied by P P Budmkoff and E E Krause, who showed that with 2W-HC1 

Calcined at 450° 650° 760° 850° 950° 1000° 

Solubility 100 00 94 91 9102 71 44 36 28 29 92 per cent 

H Debray observed that when ferric oxide is heated to redness m a current 
of hydrogen chloride, feme chloride and water are formed The reaction was 
studied by J L Gay Lussac, J B Moyer, F A Gooch and F S Havens, V Spitzm, 
andF W Clarke and E A Schneider Feme oxide dissolves m cone hydrochloric 
acid more quickly than magnetite, and more slowly than llmemte F Leteur said 
that the oxide is readily dissolved by cone hydrochloric acid, sat with hydrogen 
chloride, when heated in a closed vessel at 65° E Wemschenk, and O R Fresenms 
said that the oxide prepared at a high temp dissolves but slowly in the acid 
G Melczer observed that the basal faces of the rhombohedral crystals are more 
rapidly attacked than the prismatic faces According to A Classen, calcined feme 
oxide dissolves quickly m hydrochloric acid if the finely powdered oxide has been 
digested or boiled with a dd soln of potassium oxide H Bomtrager found that 
the presence of a little manganese dioxide with the hydrochloric acid enables ignited 
feme oxide to be dissolved with great ease The effect is attributed to the chlorine 
evolved, smee all the halogens hasten the solution of feme oxide m hydrochloric acid 
H Bomtrager also observed that strongly calcined feme oxide dissolves readily m 
hydrochloric acid containing a little free chlorine, bromine, iodine, or hydrogen 
dioxide , and F P Dunnmgton, and N A Tananaeff made a similar observation 
with respect to the hydrogen dioxide According to H Bomtrager, the dissolution 
is also facilitated if nascent hydrogen, say from iron wire, is produced in the system , 
and N A Tananaeff found that the presence of a little stannous chloride accelerates 
the dissolution of calcined feme oxide m hydrochloric acid W R E Hodgkmson 
and FES Lowndes, E J Mills and G Donald, F E Brown and W C O White, 
and G J Fowler and J Grant observed that the presence of feme oxide facilitates 
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the decomposition of potassium chlorate, and more chlorine is given off whei 
ferric oxide is used as catalytic agent than is the case with manganese dioxide 
R Chenevix found that ferric oxide dissolves in chloric acid , and A J Balard 
that it dissolves m hydrobromic acid 

R Weber observ ed that tv hen ferric o ’tide mixed with sulphur is heated to red 
ness, sulphur dioxide and iron sulphide are formed A C Halferdahl found thai 
ferric oxide is reduced to ferrosic oxide bv sulphur, and thit the free energy of the 
reaction 6Fe 2 0 3 +^S2==4Fe30 4 +S02 is —15,900 cals it 600°, and —52,600 cals 
at 1400° K Hilgenstock studied the action of the vapour of sulphur on ferric 
oxide A Gautier found that with hydrogen sulphide at a white heat, the reaction 
symbolized 2Fe20 3 +7H 2 S==4FeS+3S02+7H2, occurs G Weyman found that 
the hvdrated or anhydrous ferric oxide, prepared between 100° and 650°, is equally 
active as regards the absorption of h}drogen sulphide m the cold , this is taken 
to mean that the activity of the oxide is dependent primarily on the mol 
structure, and not on the degree of hydration P Nieolardot also explained the 
behaviour of ferric oxide towards hvdrogen sulphide by assuming differences m 
the mol state The reaction was studied by K Hilgenstock H Diecke, R Cox, 
and E Brescius found that m the reaction at about 100°, the product contains more 
sulphur than corresponds with ferric sulphide, and L T Wright regarded the pro 
duct as a mixture of ferrous and ferric sulphides with free sulphur L Gedel said 
that under alkaline conditions, the product is wholly ferric sulphide, and under 
acidic conditions, a mixture of mono and di sulphides and free sulphur , E T Allen 
and co-workers found it to be a mixture of ferrous sulphide and sulphur — the former 
being completelv soluble m cold, dil h} drochloric acid, after the free sulphur has 
been extracted with immomum polysulphide In the absence of air, and with the 
hydrated ferric oxide suspended m water, W Mecklenberg and V Rodt obtained 
feme sulphide which was pyrophoric when dried , and V Rodt added that the 
moist ferric sulphide is readily concerted by air into oxide and free sulphur , the 
ferric sulphide changes into a mixture of ferrous sulphide and iron disulphide on 
standing, and the formation of colloidal sulphur when ferric sulphide is dissolved 
m dil h\ drochloric acid makes it appear as if a ferrous salt is a product of the 
original reaction L T Wright concluded that the action between hydrogen 
sulphide and hydrated feme oxide involves (i) Fe 2 O a H 2 0-»F e 2 S 3 +4H 2 0, and 
Fe20 3 H 2 0->2FeS+S+4H 2 0 — the second reaction applies to 17 to 30 per cent 
of the hydrated oxide T G Pearson and P L Robinson, and L A Say ce found 
that the reaction varies considerably with temp , at and below 100°, the primary 
product is ferric sulphide Fe20 3 +3H2S=3H 2 0+Fe 2 S3, and the ferric sulphide 
partially decomposes to ferrous sulphide and iron disulphide Fe2S 3 =FeS+FeS 2 , 
above 100°, these reactions give place more and more to the direct production of 
feme disulphide, until, m the region above 300°, the only reaction concerned is 
Fe20 3 -f 4H 2 S=2FeS2+3H 2 0+H2 Between 400° and 500°, the iron disulphide 

gives place to a product soluble in hydrochloric acid with the liberation of sulphur 
This material can be regarded as a mixture of ferrous and ferric sulphides, though 
q ome ferrosic sulphide, Fe 3 S 4 , may be formed W A Damon studied the subject 
J C Witt found that when ferric oxide is treated with an excess of sodium 
sulphide, a black, amorphous substance is formed On removing most of the 
remaining sodium sulphide and adding water, a brilliant green soln is produced 
The results obtained on studying the soln indicate that the colour is due to a 
colloid and not to a pure soln of some iron compound The exact composition 
of the disperse phase has not been determined, but apparently it contains neither 
sulphur nor sodium m chemical combination The colloid is reversible 

According to F Wohler and F Mahla, when ferric oxide is heated m sulphur 
dioxide, it is reduced to ferrosic oxide and sulphur trioxide is formed G Keppeler 
represented the reaction with sulphur dioxide, between 500° and 800°, by 3Fe 2 0 8 
+S0 2 =2Fe 3 0 4 4S03 D L Hammick could not obtain ferrous oxide by the 
action of sulphur dioxide at 300°, but a black powder was formed which, at a higher 
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temp , m sulphur dioxide forms sulphur, sulphur trioxide, iron sulphide, and ferric 
oxide B Neumann and E Goebel studied the adsorption of the gas bv ferric 
oxide The catalytic aetiv lty of ferric oxide in facilitating the oxidation of sulphur 
dioxide begins at about 400°, and attains i maximum at about 625° This subject 
y is discussed by G Lunge ind co workers C W Johnson, K Hilgenstock, 
B Neumann, and G Keppeler ind co workers- i ide sulphur tnoxidt, 10 57,27 
R D Hall noted that sulphur monochlonde \apour passed over heated ferric 
oxide forms ferric chloride According to H B North and V M Hagemann, 
thionyl chloride does not act on ferric oxide at ordinary temp , but at 150°, the 
reaction which occurs is svmbohzed Fe>0 3 -f3S0Cl 2 =2FeC]j-i-3S02, and the 
ferric chloride crvstallizes from the liquid m gieen hex igonal plates The reaction 
with sulphuiyl chloride was studied bi \\ Hesse, and b\ H Danneel and 
VI Hesse W L Ray also observed that whilst liquid selenium oxydichlonde 
acts very slowly on ferric oxide it room temp the vapour at 400 forms ferric 
chloride and selenium dioxide J J Berzelius, and H Rose stated that ferric 
oxide is slowlv attached bv sulphuric acid, A Mitscherlicli found that dissolution 
occurs most rapidly m a mixture of 8 p irts ot the cone acid and 3 parts of w iter , 
and L Storch said that the ignited oxide is readih dissolved when w irined with 
40 per cent sulphuric acid A and P Buisme observed that sulphuric acid of 
sp gr 1530 to 1712 begins to dissolve c denied ierrie oxide m the cold, the 
action is slow and incomplete , with w arm acid, the action is completed m a few 
hours, and it progresses more rapidlv, the higher the temp It is not necessarv 
to proceed above 300° J A Hedvall attributed the tardv dissolution of the 
calcined oxide to coagulation of the grains reducing the surface area The 
reaction was studied by M M P Muir 


E J B Willey said that nitrogen i<? not absorbed when ferric oxide is heated 
in an atm of that gas A Smits found that heated feme oxide reacts vigorously 
with magnesium nitride , and likewise 


with titanium mtnde — vide supra, ferrous 
oxide F Ephraim observed that when 
heated with an excess of sodamide, ferric 
oxide is reduced spontaneously to iron 
Feme oxide is not dissolved by aq am- 
monia , but, according to A W F Rog- 
stadius, the Badische Amlm- und Soda- 



Fabnk, J J Berzelius, and H L Buff, « . - * 

i ’ \ ,, j T ’ Fig 529 — Phe Absorption of Xmmoma, 

when ammonia is passed ov er the red-hot and Carbon Dioxide by Feme Oxide 
oxide, water and iron mtnde are re- 


duced N Nikitin s measurements of the absorption of ammonia by feme 
oxide at U 8° and at different pressures are summarized m Fig 529 B Dirks 
observed that feme sulphate is formed when feme oxide is heated with 
ammonium sulphate at 250°, and at a higher temp , sulphur trioxide is ev olved , 
and H Arctowsky, that with ammonium chloride at 350°, ferric chloride is 
formed N Nikitin found that feme oxide, obtained by ignitmg the fresh 
hy drogel at 350°, readily adsorbs ammonia , and b\ increasing the temp of ignition 
of the feme oxide, the capacitv for adsorption is reduced F Ephraim observed 
that no iron mtnde is formed when feme oxide is heated with sodamide For the 


action of hydroxylamine, vide supra , ferrous oxide E Bnner and A Rivier studied 
the formation of mtnc oxide m the feme oxide arc P Sabatier and J B Senderens 


observed that feme oxide at 500° is not reduced by nitric oxide C F Bucholz 
found that feme oxide dissolves verv slowly in mtnc acid, but the ignited oxide is 
not attacked U R Evans also noted the tardy dissolution of ferric oxide m cone 


mtnc acid, at room temp , and H de Senarmont observ ed that the attack of the 
calcined oxide by mtm acid is slow E S Hedges observed that freshly calcined 
feme oxide dissolves perceptibly m cone mtnc acid at the temp , 74 5° to 75 5°, 
at which iron no longer becomes passive M Z Jovitsehitsch found that cone 
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mtnc acid does not dissolve strongly calcined ferric oxide when heated in a sealed 
tube at 170° for 10 hrs , but when warmed on an asbestos plate, at ordinary press , 
it dissolves in the acid m 8 to 10 hrs H Borntrager noted that calcined ferric oxide 
does not dissolve completely m aqua regia R Weber found that when phosphorus 
pentachlonde is heated with ferric oxide it reacts with incandescence, and 
H Bassett and H S Taylor observed that phosphoryl chloride forms ferric oxide 
at ordinary temp , and at 100°, E Erlenmeyer and O Heinrich found ferric oxide to 
be soluble in phosphoric acid 

C J B Karsten and others stated that if ferric oxide mixed with carbon he 
gently heated, it is reduced to f errosic oxide , and if heated strongly, metallic iron 
is formed E Yollgold said that carbon-coke— acts energetically at 875° , and 
H Wedding found that the action begins about 700°, and G Tammann and 
A Sworykm, at 625° with sugar-charcoal G Charpy and S Bonnerot added that 
ferric oxide is not reduced by solid carbon below 950° provided reducing gases 
are excluded If no carbon monoxide be present, C L Mantell said that carbon 
does not reduce the oxide at 1000° Observations were made by C E Williams 
and co-workers, F Korber and H H Meyer, J Parry, and H H Berger 
R Schenck observed that the reduction of ferric oxide by iron tnfcacarbide in 
vacuo, begms at about 400°, but with free carbon a reaction is perceptible at 
680° H H Meyer found that the reduction of feme to ferrosic oxide by sugar 
charcoal begins at 450° , by wood-charcoal, heated to 1000° in nitrogen, at 500° , 
and by coke, at 600° E J Rode said that the time-temp curve of a mixture 
of feme oxide and charcoal shows three breaks — (l) at 400° to 650° due to the 
exothermic reduction of ferrosic oxide , (n) at 750° to 830°, to the endothermic 
reduction of ferrosic to ferrous oxide , and (in) at 875° to 995°, to the reduction 
of ferrous oxide to iron W Baukloh and R Durrer showed that an intimate 
mixture of feme oxide and carbon begins to evolve carbon dioxide in vacuo 
at 300° to form ferrosic oxide which is further reduced to ferrous oxide (q v ) 
between 400° and 600° P Berthier, F Margueritte, and J Percy showed that 
it is not necessary for the oxide and the carbon to be m contact with one 
another Lumps of ferric oxide a few inches in diameter, may be reduced to 
metallic iron by imbedding them m coarsely powdered charcoal, and heating the 
containing crucible to bright redness for several hours At first, the mass is 
reduced to ferrosic oxide , iron is produced on the surface and then in the interior, 
and finally reaches the centre A F E Degen, and A C Becquerel assumed that 
the internal reduction is the result of an electrolysis, but according to F Leplay 
and A Laurent, the reduction in the interior is due to the penetration of carbon 
monoxide which is formed m the crucible — vide supra, hydrogen, and concentration 
J H Jones and co-workers found that the reactivity of coke, C+CO2—2CO, is 
mcreased by admixture with ferric oxide J N Pnng observed that at a high temp 
feme oxide is reduced by aluminium carbide , likewise with silicon, chromium, 
and molybdenum carbides — mde supra , ferrous oxide , R Schenck showed that 
iron tntacarbide begins to reduce the oxide at 400° J Bokmann studied the 
reaction between iron carbide and oxide 

F Gobel found that when feme oxide is heated m carbon monoxide, it rapidly 
forms ferrous oxide, and at a higher temp it is completely reduced to pyrophoric 
iron H Wedding observed the reduction of ferric to ferrous oxide\ occurs at about 
700° I Braithwaite observed that at 700®, the reaction with carbon monoxide is 
symbolized by 3Fe20 a +CO=C02+2Fe30 4 , and at and below 850° some iron carbide 
is formed K Stammer also noted the formation of some iron carbide 
O Boudouard found that at temp below 1000°, dry carbon monoxide is a more 
effective reducing agent than the moist gas, but at 1050°, moist and dry carbon 
monoxide behave alike S Hilpert showed that the temp of reduction depends, 
as in the case of hydrogen, upon the previous history of the ferric oxide The 
observations of O Boudouard, R Schenck and co-workers and E Baur and 
A Glassner on the equilibrium conditions have been previously discussed — v%de 
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supra , hydrogen F Leplay and A Laurent said that a mixture of equal vols of 
carbon monoxide and dioxide merely reduces feme to ferrosic oxide The subject 
was discussed by J L Gay Lussac, H Abraham and R Plamol, 0 Boudouard, 
F Brinkmann, M Decairiere and J Antheaume, J Eckell, H A Bahr and 
V Jessen, A Gautier and P Clausmann, F Hahn, H Kamura, 0 0 Laudig, 
L Mathesius, R Schenck and F Zimmermann, F Wust and P Rutten, and 
R Yoshimura * F Gobel observed that the formation of ferrosic oxide is an 
intermediate stage in the reduction of ferric oxide to iron — vide supra , hydrogen 
J L Proust, and W Naase found that feme oxide is reduced to metal m a 
porcelain oven, doubtless by the action of the carbon monoxide S Hilpert 
found that the reduction with carbon monoxide begins at 240° ORA Wright 
and A P Luff found that the reduction begins at 202° to 220°, dependent on 
the physical state of the feme oxide J A Sokoloff said that the reduction of 
feme oxide, prepared at 400°, begins at 200° to 230°, and if the feme oxide has 
been prepared at a higher temp , a higher temp is needed to inaugurate the 
reduction, and is mdependent of the proportion CO C0 2 in the gaseous phase, 
but the temp at which ferrous oxide is formed is lowered by raising the pro- 
portion of carbon monoxide Carbon begins to appear when ferrous oxide is 
formed S Hilpert and T Dieckmann observed that dry carbon monoxide 
reduces ferric oxide completely to iron at 950° and very little carbon is formed , 
iron tritacarbide appears at 850° H Tropsch and W Kromg found that at 
720°, the carbon which separates is nearly all free, only a little is combmed as 
carbide H Saito showed that feme oxide, which has been calcined at 800°, 
begins to be reduced by carbon monoxide at 320° , the separation of carbon 
begins at 320°, and attains a maximum at 500° According to W A Bone and 
co-workers, carbon monoxide mixed with nitrogen, but free from hydrogen, begins 
to reduce haematite between 380° and 650° , carbon begins to separate when the 
oxide is partially reduced The presence of 2 per cent of hydrogen favours the 
reduction and lessens the tendency of carbon to separate H Willeke found that 
the reduction of feme oxide by carbon monoxide is not influenced by the presence 
of beryllium oxide, but that the equilibrium is displaced by zinc or manganous 
oxide , and H Franz observed that the presence of calcium oxide or alumina 
hinders the reduction The reaction was studied by G Charpy, H Tropsch and 
A \ on Philippovich, G Chaudron, etc — mde supra, reaction m the blast-furnace 
H Fleissner and F Duftschmid studied the reduction of the oxide by water-gas, 
and by producer gas E F Armstrong and T P Hilditeh, and K Iwase and 
M Fukushima found that the presence of feme oxide favoured the oxidation 
of carbon monoxide by steam W A Lazier and H Adkins found 100 grms of 
feme oxide absorbed 65 c c of carbon monoxide at n p 6 C J Engelder and 
co workers studied the catalytic activity of feme oxide with titanic oxide or with 
cobaltic oxide on the oxidation of carbon monoxide, and R Yoshimura, and 
N A Yajmk and F C Trehana, the catalytic activity of feme oxide m the photo- 
chemical decomposition of carbon dioxide A F Benton studied the adsorption of 
carbon monoxide, and of carbon dioxide by feme oxide N Nikitin found that 
feme oxide obtained by igniting the fresh hydrogel, at 350°, readily adsorbs carbon 
dioxide, and that the capacity for adsorption is reduced by calcining the hydrogel 
at a higher temp — mde supra , Fig 529 S G Lasky, B S Butler, and H von 
Eckermann discussed the geological function of carbon dioxide on the FegC^ FeO- 
ratio m limestone contact deposits K Hilgenstock studied the action of carbon 
disulphide E Vollgold said that the activities of carbon monoxide, methane, 
and hydrogen are relatively as 1 2 5 0 Meyer and W Eilender studied the 

reaction W Mdfler-Erzbach found that methane, at the temp of a Bunsen flame, 
reduces feme oxide to ferrosic oxide, at a rather higher temp , to ferrous oxide, and 
finally, at a still higher temp , to metallic iron The Gelsenkirchener Bergwerks 
found that the reduction of iron ores with methane occurs below 700° if a little 
powdered iron be present to start the reaction W P Yant and C O Hawk 
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studied the oxidation of methane with a ferric oxide catdvst The reduction of 
ferric oxide earths by methane has been studied b)C E Williams md co workers, 
snd by C M Bouton H W Walker observed that ethylene at a high temp 
reduces ferric oxide to ferrosic oxide, and ultimately to iron , the adsorption of 
ethylene and hydrocarbons, at lower temp , was studied by J N Pearce and 
A M Alvarado, H Hollmgs and R H Griffith, and W A La/ier and H Adkins 
and they found 100 grins absorbed 588 c c it n p 8 G Chariot studied the 
oxidation of toluene, with ferric oxide as catalyst C 1 M McDowell md F L Usher 
studied the behaviour of suspensions m toluene, amyl acetate, and m chlorinated 
hydrocarbons 

J Percy said that ferric oxide is reduced to the metal when heated m a current 
of cyanogen J von Liebig, F Korber and H H Meyer, and L Hackspill and 
R Grandadam observed that molten potassium cyanide reduces ferric oxide 
to the metal , but it 570° to 750° with sodium cyanide m vacuo, iron and 
sodium m nearly equivalent proportions are formed as well as nitrogen, carbon 
monoxide and dioxide, and finely divided carbon It is supposed that sodium 
carbimide is first produced and th it this decomposes to form sodium, nitrogen, 
carbon, and carbon oxides J Tscherniak found that potassium thiocyanate 
at 400° to 500° forms ferrous sulphide and potassium emanate with the evolution 
of oxygen and by a similar reaction, J Milbauer obtained ferrous sulphide, 
potassium ferrous sulphide, KFeS>, and potassium cyanide, and H N Warren, 
artificial pyrites, FeS 2 A Kutzelnigg attributed the oxidizing action of powdered 
ferric oxide on a soln of potassium ferrocyamde to adsorbed oxygen J Aloy 
and C Rabaut found that hydrolysis of the benzolated cyanohydrins m the 
presence of acetic acid does not occur m the presence of ferric oxide E Deussen 
showed that 10 c c of a norma 1 soln of oxalic acid, at 25°, dissolves 0 0310, 
0 0790, 01960, and 0 2320 grin of ferric oxide respectively in If, 6|, 22, and 
94 hrs N J Harrar and co workers found the solubility of ferric oxide, expressed 
m milligrams of Fe per 100 c c of soln , at 25°, m 40 and 60 days, to be for 
formic acid, respectively, 0 951 md 1 249 , acetic acid, 0 327 and 0 439 , pro- 
pionic acid, 0 344 and 0 374 , oxalic acid, 97 463 and 36 222 , malonic acid, 
4 159 and 6 260 , succinic acid, 0 255 and 0 494 , lactic acid, 2 025 and 2 054 , 
tartaric acid, 3 175 and 4 386 , citric acid, 2 961 and 3 372 , benzoic acid, 0 428 
and 0 428 , salicylic acid, 4 891 and 5 124 , and sulphuric acid, 20 320 and 27 813 
N J Harrar and FEE Germann studied the solubility of hydrated ferric oxide 
m various organic acids, and found for the solubilities, 8 grms per 250 c c of soln , 
and colours , 1 0082V formic acid, 8=1 040 (red to yellow) , 1 054A 7 -acetic acid, 
8= 0 958 (red to y ellow) , 1 0082V propionic acid, 8= 0 702 (red to y ellow) , 0 7822V 
butyric acid, 8=0 411 (red to yellow) , 0 990 ZV oxalic acid, 8=1 009 (vivid green) , 
0 9912V-malomc acid, 8=0 941 (green) , 0 9682V-succimc acid, 8=0 498 (red to 
orange) , 0 9852V-glutanc acid, 8=0 204 (orange) , 0 315A r -adipic acid, £=0 081 
(orange) , 1 0202V tncarballylic acid, 8=0 156 (orange) , 0 9362V maleic acid, 
8=0 923 (red to green) , 0 1262V-fumanc acid, 5=0 004 (colourless) , 0 4042V 
mesacomc acid, 8= 0 014 (colourless) , 1 0942V chloroaeetic acid, 8= 0 985 (red to 
green) , 1 0622V dichloroacetic acid (yellow to green) , 1 0492V-trichloroacetic acid 
(pale green), 0 0262V-benzoic acid, 5=0 006 (colourless) 0 1292V-phenylacetic 
acid, 8=0 003 (orange) , 0 0872V phthahe acid, 8=0 026 (colourless) , 0 9762V 
hydrochloric acid, 8=0 917 (green) , and 0 9622V-sulphuric acid, 8=1 014 (pak 
green) If the acids be arranged m the order of their ionization constants, the 
strong acids furnish green coloured soln , and the weak acids, red coloured soln 
D Talmud and N M Lubman found the floatability of feme oxide m oleic acid 
and m mixtures of oleic acid and ammonia to be a maximum when jps.=7 
L Kahlenberg and H W Hillyer observed no attack by a boiling soln of potassium 
tartrate F W O de Conmck and A Raynaud found that with calcium oxalate 
at a dull red heat, it foims ferrous oxide, calcium carbonate, and carbon dioxide 
W Muller Er/bach studied the adsorption of ether vapour by feme oxide 
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W Haller studied the adsorption of ether, acetic acid, alcohol, and acetone by 
powdered ferric oxide and N A Yajmk and F C Trehana, the photochemical 
reduction of sugars M Rakusin observed that egg albumin is not adsorbed from 
its aq soln by ferric oxide E Ullmann studied the diffusion of ferrum ox\ datum 
saccharatum solubile and F H Rhodes and co workers, the effect of ferric oxide 
on the oxidation of linseed oil N R Dhar discussed the oxidation of insulin 
with feme oxide as catalyst 

H Moissan found that boron acts as a reducing agent on ferric oxide at x red- 
heat C H Burgess and A Holt noted that feme oxide is not soluble m molten 
bone oxide, and C Mazzetti and F de Carli slid that there is a feeble reaction 
between the feme and hone oxides at 820° and the reaction was studied b\ 

J A Hedvall and N von Zweigbergk U Sborgi and co workers found that boron 
mtnde reduces ferric oxide to ferrous oxide, forming hone oxide and nitric oxide 
E Vi<muroux found ferric oxide is reduced when it is heated with silicon, and the 
reaction was studied b\ L Kahlenberg and W J Trautmann G Rauter found 
silicon tetrachlonde m a veiled tube with ferric oxide at 180° to 190 forms silica 
and ferric chloride no reaction is perceptible at 140° to 150° H le Chateher md 
B Bogitsch, J A Hedvill and P Sjoman, and 4 Dubom noted that silica reacts 
with ferric oxide at an elevated temp forming 
iron silicate J Kleffner and E J Kohlme>er 
observed silica has no effect on the dissociation 
of ferric oxide J A Hedvall and P S]oman 
observed evidence of reactions at 575° and 900° 

G Tammann and G Batz found that whilst 
quartz begins to react with feme oxide at 950°, 
precipitated ind calcined silica begins to react at 
800°, but that the reaction is not really with 
ferric oxide but rather with ferrous oxide 
When hornblende or basalt is mixed with wood 
charcoal and a small proportion of lime or 
sodium carbonate and heated first at 600° and 
then at 1400°, the iron is reduced almost quan 

titativelv In the absence of alkali, or when o 20 40 60 80 

heated directly to 1400°, the reduction is less Percent IrO z 

complete, and it is further diminished by the — Melting Point Curve for 

addition of quartz When feme oxide, mag the Binary System ZrO -Fe 2 0 3 
netite, or ferrous oxide is heated with precipi , , 

tated and ignited silica, each begins to react at 800 , but the reaction with quartz 
does not begin below 950° More beat is evoh ed with the silica than with the 
quart? When iron silicates, prepared by heating ferric oxide and ^ 1( f. are reduced 
with hydrogen for 1 hr at 850°, the proportion of the ironrednced fads from M 4 
ner cent when the molecular proportion of silica is 0 375 to 0 600 When the 
silica content is further increased the proportion of the lron reduced rapidly 
increases, and is 38 4 per cent when the molecular proportonofthe sihea is 0 920 
S Hilpert and E KoUmejer found that with calcium metaffllicate at about 1220 , 
ferromagnetic calcium femte is formed F 8 Tritton and D 
mixtures with a low proportion of ferric oxide can be W m ctana cllgP^s, 
without serious attack, but some ferric oxide is absorbed by thepot 8 Engbsh 
and CO wo t andV^yaud W 1 

J X W < MeUor* on firebricks, and faeclays P Ramdohr studied the efiect of 
j w meuor, « -R-«o_Fe=0»-Ti0» F Halla, and G Tammann and 

co^rkem observed that ferric oxide reacts wi^ti^oxide at an ekvated temp 

other than mart-te P Ramdohr studied the action of feme oxide on ikuemte, 
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EeTi0 3 H von Wartenberg and W Gurx obtained the m p curve, Fig 530, for 
mixtures of zircoma and ferric oxide 

J L Gay Lussac and L J Thenard found that potassium reduces ferric oxide 
to iron , and similarly with sodium M Rosenfeld said that when sodium is 
triturated with feme oxide, the mixture glows and iron is formed Ferric oxide is 
reduced to metal when it is heated with magnesium, B Garre said that the 
reaction begins at 575° and evolves 239 5 Cals of heat E Donath observed that 
when the oxide is heated with zme it is easily reduced to the metal L Franck 
observed that iron oxides are also reduced to metal when heated with aluminium 
andT W andW T Richards tried to measure the cohesive force between aluminium 
and feme oxide According to J Percy, when ferric oxide is “ strongly ” heated 
m contact with iron, it is reduced to ferrosic oxide M Billy obtained a similar 
result R B Sosman and J C Hostetter found that when heated to 1200° with 
platinum, in air, ferric oxide is reduced to the metal which forms a solid soln with 
the platinum The loss in weight of platinum heated to 1000° to 1200° is much 
increased if it be in contact with ferric oxide 

For the reactions of ferric oxide with the metal oxides, mde infra , the ferrites 
and for reactions with ferrous oxide, and ferrosic oxide, mde supra L Passerim 
studied the action of ferric oxide on alumina , andH G Fisk and W J McCaughey, 
on magnesium oxide J E Adadurofi and G K BoreskofE precipitated a mixture 
of ferric oxide and vanadium pentoxide on broken firebrick fox use as a catalyst 
P E Wretblad found that mixtures of ferric oxide with chromic oxide form a 
continuous senes of solid soln m which the dimensions of the lattice change 
linearlv from those of Fe 2 0 3 to those of Cr 2 0 3 The rhombohedral angle, a, shows 
a maximum 


FejOj Cf 0 3 

1 0 

3 1 

1 1 

1 3 

0 1 

Length of edge 

5 419 

5 395 

5 376 

5 362 

5 348 

a 

55 28° 

55 37° 

55 44° 

55 28° 

55 11° 


L Passerim, and H Forestier and G Chaudron also made observations on this 
subject, and R Yoshimura discussed the action of chromic oxide on feme oxide 
in the production of hydrogen by the water gas reaction Mixtures of feme oxide 
and manganic oxide with 100 to 75 per cent Mn 2 0 3 give the same X-radiogram , a 
mixture with 45 per cent of Mn 2 0 8 shows a faint trace of ferric oxide lmes , a mixture 
with 30 per cent Mn 2 0 3 shows the lmes of Mn 2 0 3 stronger than those of Fe 2 0 3 , 
and mixtures with less than 15 per cent Mn 2 0 3 show only the Fe 2 0 3 lmes There 
is, therefore, a break m the senes of solid soln There is no evidence of an inter- 
mediate phase S L Penfield and H W Foote’s mineral bixbyite, discussed m 
connection with the permangamtes, was shown by W Zachanasen to belong to the 
isomorphous senes of sesquioxides, Mn 2 0 3 , Fe 2 0 s , Y 2 0 3 , etc Its formula is, there 
fore, written (Mn,Fe) 2 O s , and not Fe(MnO s ), or Fe0Mn0 2 L Pauling and 
M D Shappel observed that the body-centred lattice has a=9 365 A , and contains 
16(Mn,Fe) 2 0 3 W M Bradley described a mineral which he called sJcemmatitey 
3Mn0 2 FegOg 6H 2 0, as an alteration product of pyroxmangite, (Fe,Mn)SiO s 
J Percy said that feme oxide is not attacked by soln of the alkali hydroxides 
P Yillard, J d Ans and J Loffler, V S Yatloff, and S Matsui and co-workers 
studied the conversion of sodium carbonate into sodium hydroxide by heating it 
with feme oxide— wde infra, sodium ferrite P Rohland found a Soln of calcium 
hydrocarbonate slowly dissolves feme oxide, and the dissolution is hastened by 
the presence of alkali or calcium sulphates E Mallet and P A Guye recom 
mended ferric oxide for use as a diaphragm in the electrolysis of sodium salts 
« ac ^ 1 °u of sodium hydroxide which does not attack the feme oxide 
1 O Estelle observed that feme oxide can be hydrated by boiling it with a 70 per 
cent soln of soda-lye at 100° to 120° This is of significance in connection with 
tne electrolytic process for iron in which a cone soln of sodium hydroxide containing 
sodium femte is electrolyzed Ferric hydroxide is dissolved from the feme oxide 
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anode by the cone soda he, and iron is deposited on the cathode The hydration 
of ferric oxide by hot cone soda 1} e involves the formation of a femte which is 
subsequent!} decomposed on cooling and diluting the liquor During the action 
20 parts of feme oxide are taken up b} 80 parts of sodium hydroxide when the 
heatmg is continued several hours R B Sosman and J 0 Hostetter said that 
the best container foi feme oxide at 1100° to 1200° is fused alumina (alundum) 
The alundum vessel remains constant m weight at these temp , but loses weight 
at higher temp H Warth observed that alumina retards the reduction of feme 
oxide to ferrosic oxide at elevated temp L Passenm observed that mixtures of 
alumma and feme oxide form solid soln and he measured their lattice constants 
The subject was studied by H Forestier and G Chaudron, T F W Barth and 
E Posnjak, and H von Wartenberg and H J Reusch S Izawa found that 
the presence of ferric oxide did not influence the luminescence of alumina m the 
cathode rays D Turner, and F S Tntton and D Hanson found that crucibles 
of alumina or alundum, chromite, zircoma, and lime, crack and blag with fused 
mixtures of iron with a high proportion of oxide , but bonded crucibleb of magnesia 
can be used for the purpose, magnesia pots absorb the oxide H Kittel and 
G F Huttig studied the magnesia feme oxide spinels L Jacque observed 
that with lime, some ferrosic oxide is formed at 1220° — wde infra , ferrites 
G B Taylor and G A Hulett found that the presence of feme oxide favoured the 
thermal decomposition of mercuric oxide G Tammann and co workers observed 
no reaction when feme oxide is heated with molybdenum tnoxide, a slight reaction 
with tungsten tnoxide , and about 15 per cent reaction with uranium tnoxxde 
For solid soln of feme oxide and ferrous oxide or ferrosic oxide, tide supra 
H S Roberts and H E Merwm found that in the binary B}btem FeO-Fe 2 O s , the 
stable phase at temp below 1386° is a haematite solid soln with less oxygen than 
Fe 2 0 3 , and just above 1386°, the stable phase is a magnetite solid soln with 
considerably more oxygen than FegO* E Diepschlag and E Horn studied the 
action of manganous, ferrous, and calcium sulphides on feme oxide 

J Krutwig showed that the presence of feme oxide favours the formation of 
sodium sulphate from fused mixtures of sodium chloride and iron p} rites in air 
G Tammann studied the action of light on a 0 05 A -soln of silver nitrate m contact 
with feme oxide K A Hofmann and K Hoschele found that if feme oxide is 
melted with dry magnesium chloride, the iron is almost all volatilized as feme 
chloride H A von Vogel observed that feme oxide is not reduced by a boiling 
soln of stannous chloride, and W 0 Hickok observed no action with stannous 
chloride as an etching liquid G A Graumann, and V Lepiarczyk observed only 
a slight reaction between zinc sulphide and feme oxide at 1280° , m a slow current 
of air at 1280°, sulphur dioxide and zinc vapour are given off, but the reaction soon 
comes to a standstill , and m a current of carbon monoxide, iron is formed, and 
the iron liberates zme with the production of iron sulphide For the action on 
ferrous sulphide, wde infra , and for the action on manganous sulphide, vide 
manganese sulphide, 12 64, 21 E Diepschlag and E Horn, and L Wohler and 
co-workers studied the action of calcium sulphide W H MacIntyre and 
W M Shaw found that ignited feme oxide shows no tendency to absorb appre- 
ciable amounts of calcium sulphate from soln , J E Adaduroff and V P Pligu- 
noff showed that feme oxide favours the thermal decomposition of calcium 
sulphate C A Graumann found that with zinc sulphide m a reducing atmo- 
sphere, feme oxide is converted into metallic iron and that acts on the sulphide 

References 

1 A H Baumgartner, Theophrastus von den Stetnen aus dem Gneehtbchev, Numberg 210 
1770 J L Bausch, De laptde hematite et cetite, Wr&tislavia, 1666 K C Schmieder, Theophrastus 
Abhandlungen von den Steinarten von dem Grtechtschen , Freyberg, 41 18^7 , A Mes Zur 
Mtneralogxe des Plimus , Mainz, 22, 1884 , G Agncola, InterpretcUtogermamca voevm ret metatticce 
Basiliese, 466, 468, 1646 , A B de Boodt, Laptdum gemmarum et lapidvm htstona , Hanau, 191 
193, 1609 , R J Hauy, Traiti de minfralogie, Pans, 4 3, 1801 

vol xm 3 G 



818 


INOEGANIC AND THEOEETICAL CHEMISTEY 


2 J G Wallerius, Mmeralogia, Stockholm 25 ( ) 1747 A G Werner , Bfrg Joum , 2 373 
1789 Leiztes Mmeralsytiem, hreiberg 20, 1817 A (‘lonstedt, Mvneraloyu , Stockholm, 178 
1785 R J Hauy, Traitide mtneralogie, Paris 4 104 ISO 1 T B L Home de 1 Isle CnstaUo 
graphte, Paris, 3 279 1783 J I) Dana, A System of Mineralogy Nevi \ork, 213, 1892, 
A F Foerste, BvU Denison Umv Science Lab , 1 63 1885 , 2 89 149, 1887 3 3 1888 

E Hussak, Zett prakt Geol , 6 347, 1898 , W Haidmger Neues Jahib Mm , 71, 1847 
A Pelikan, Tschermaks Mitt , (2), 4 7, 1882 W L von Eschwege, Pluto brasthensis, Berlin, 
222,1883, F Zirkel Lehrbuch der Petrographie, Bonn, 3 570, 1894, A Erenzel, Mineralogisches 
Lexicon fur das Konigretch Sachsen , Leipzig 152 1874 

8 C F Bucholz, Qehlens Joum , 3 104 1807 4 155, 1807 A J Moses, Amer Joum 

Science, (4), 20 285, 1905 , J H Hassenfratz Ann Chim Phys , (1), 69 113, 1809 J L Gay- 
Lussac, ib , (2), 1 33, 1816 , J J Berzelius, t b , (2), 5 149 1817 Gilbert s Ann 37 296 1811 
42 277, 1812 Pogg Ann , 7 393, 1826 H Rose, tb , 1 81, 1824 F Stromeyer, ib , 6 473 
1826 Karsten s Arch , 13 376, 1826, Kastner s Arch , 7 385, 1826 Ddin Joum Science, 5 
300, 1826 T Thomson, Ann Phil , (2), 1 247, 1821 J Samsonowiez, Compt Rend Ged 
Pdogne , 4, 1922 , Rev Geol , 4 267, 1923 , J W Doberemer, Arch Pharm , (2), 41 29, 1845 
H St C Deville, Compt Rend , 52 1264, 1861 F von Kobell, Ceschichte der Mineralogy 
Munchen, 649, 1864 Joum prakt Chem (1), 14 412, 1838 Grundzuge der Mmercdogie 
Numberg, 318, 1838 , A Breithaupt (CAS Hofmann) Handbuch der Mineralogie, Freiberg, 
3 b, 234, 1816 A G Werner, Letztes Miner alsy stem, Freiberg, 20, 1817 G B Hogenraad 
Proc Akad Amsterdam , 11 605, 707, 1903 , Zett Kryst , 39 396, 1904 L J Igelstrom, ib , 25 
94, 1896 , R Kirwan, Elements of Mineralogy, London, 1784 , F Zambonmi, Mmercdogie 
Veswuania, Napoli, 75, 1910 , A Bergeat , Neues Jahrb Mm , u 116,1897 A Schmidt, Zeit 
Kryst , 7 548, 1883 Orv Term Ertesxto, 7 260, 1882 A Koch, ib , 15 140, 229, 1890, Zeit 
Kryst ,20 316, 1892 , A Schwandte, Die Drusenmtneralien des stnegauer Granits Breslau, 
1896 W N Hartley and H Ramage, Joum Chem Soc , 71 533,1897 J Loczka, Ber Ungam 
Math Natu , 8 99 1890 , J Komgsberger Neues Jahrb Mm B B , 16 374, 1903 O Reichen 
heim, Ueber die Mektnzitatdeitung emiger naiurlich JcristaUisierter Oxyde und Sulfide und des 
Graphite , Freiburg 1 Br , 1906 , J Komgsberger and O Reichenheim Neues Jahrb Mm , n, 
187, 1896 , M Dittrich, ib , n, 24, 1906 , Centr Mm , 460, 1905 , C F Rammelsberg, Handbuch 
der Mtneralchemte, Leipzig, 122, 1847 Pogg Ann , 104 527, 1858 R Rohrer Tschermaks 
Mitt (2), 15 187, 1895 , M F Heddle, The Mineralogy of Scotland, Edinburgh, 1 88, 1901 , 
A F Bramerd, Trans Amer Inst Mm Eng , 13 689, 1885 

1 H W Fischer Untersuchungen uber MetaUhydroxyde, Breslau, 1907 Zeit anorg Chem , 
66 37, 1910 , J M van Bemmelen, ib 22 313, 1899 O Ruff, Ber , 34 3417, 1901 , 
L Hugounenq and J Loiseleur, Compt Bend , 182 851, 1926 H Wolblmg Gluckauf, 45 1, 
1909 , 47 1437, 1910 KoU Zed , 7 315, 1910 H Stremme, Zeit prakt Geol , 18 18, 1910 
O Mugge Neues Jahrb Mm, 55, 1916, M Bellike Ann Soc Qiol Belg , 47 174, 1919, Rev 
Geol , 4 297, 1923 M Godlewicz French Pat No 689847, 1930 G W 7 Stose, Econ Geol , 19 
405 1924 , A N Zavantsky, ib , 22 678 1927 , F F Osborne, ib , 23 895, 1928 E C Harder 
and T O Chamberlin, Joum Geol , 23 385, 1915, J Johnston and E D Williamson, tb , 24 
729, 1916 , R B Sosman, Joum Washington Acad , 7 55, 1917 

5 E Mitscherbch, Pogg Ann , 15 630, 1829 Edtn Joum Nat Geogr Science, 2 302, 1830 
Quart Joum Science , 1 204, 1830 , J Knett, Tonmd Ztg , 20 495, 1896 J J Noggerath, 
Karsten s Arch , 18 538, 1844 , Neues Jahrb Mm , 610, 1844 , A Krantz, ib , 193, 1859 
A Payen, Ann Chim Phys (2), 50 305, 1832 F Kuhlmann, L Inst , 21 241, 1853 Compt 
Rend , 39 135, 1854 52 1287, 1861 , A des doizeaux, ib , 52 1325, 1861 J B J D Bous 
singault, ib , 83 1007 1876 , F von Hochstetter, Jahrb geol Reichsanst Wien, 5 894, 1854 , 
J F L Hausmann, Abhand Ges Gott , 4 238 1850 , Bettrage zur metatturgnehen Krystcdlkunde, 
Gottingen, 1850 W Muller, Zeit deut geol Ges , 46 63, 1893 C E Munroe, Amer Joum 
Science, (4), 24 485, 1907 K B Doss Zeit Kryst , 20 567 1892 , H Vater ib , 10 391, 1885 , 
A Arzruni, ib , 18 49, 1891 H E Merwin and J C Hostetter, Amer Mtn , 4 126, 1919 
H Morton, Engg 61 225, 1896 H E Roscoe and L T Thorne, Proc Chem Soc , 7 126, 
1891 A Guntz BvU Soc Chim , (3), 7 281, 1893 C F Rammelsberg Joum prakt Chem , 
(1), 35 97, 1887 , W G Feamsides, Trans Cer Soc , 17 347 1918 M Belli&re, Ann Soc 
Geol Belg , 47 174, 1919 , Rev Geol , 19 405 1924 

8 H Abraham and R Plamol, Nature, 115 630, 1925 Compt Rend, 180 1328, 1925, 
M N d Andna, German Pat ,DRP 78639, 1894 , F Angel, Neues Jahrb Mm B B , 80 254, 
1910 , H Arctowsky BvU Acad Belg , (3), 27 933, 1894 Zett anorg Chem , 6 379 1894 
A Arzruni, Zett Kryst , 18 46 1891 C V Bacon, U S Pat No 1428521, 1920 1455060, 

1922 O Bandisch, Science (2), 77 317, 1933 A C Becquerel, Compt Rend , 76 848, 1873 
F K Bell and W A Patrick Joum Amer Chem Soc 43 453 1921 J M van Bemmelen and 
E A Klobbie, Joum prakt Chem , (2) 46 573, 1892 , A I Benton and P H Emmett, Joum 
Amer Chem Soc , 46 2730, 1924 , L Brandt, Stahl Lisen, 30 1845 1910 Chem Ztg , 32 812, 
830 840,851,1908 40 605 631,1916, W Bruhns, Neues Jahrb Mtn n, 63 1889 P P Bud 
mkoff, Chem ZAg 52 847, 1928 , P P Budmkoff and K E Krause KoU Zed, 55 330 1931 , 
R Bunsen Joum prakt Chem ,( 1), 56 53 1852 G Chaudron and A Girard Compt Rend, 192 
97 1931, R Chevallier, ib , 180 1473 1925, 184 674,1927 F W Clarke, Data of Geochemistry, 
Washington, 350, 1924 BvU US Geol Sur,22S 1904, M Coppola, Gazz Chim ltd, 9 452, 
1879, A Ooesley andH A Allport, Bn* Pat No 13244,1896 Joum Soc Chem Ind ,15 546, 



IKON 


819 


1897 N M Culloeh German Pat D It P 87258, 1895 , A D&ubree Compt Bend ,39 139, 1854 
Mm PMl Journ , 57 307 1854 Bull Soc Geol 12 299, 1858 , L'Inst , 21 241, 1853 
A R Davis Brit Pat No 26% 1894 Journ Soc Chem Ind, 14 157,1895, H St C Deville 
Compt Rend 52 1265 1854 A Ditto, Bull Soc Chtm (3) 27 705, 1902 Compt Rend 184 
507 1902 C Doelter Neues Jahrb Mm 1931 1897 C DoelterandE Hussak, ib , l, 18 1884 
A Dubom Ann Chtm Phys 186 1134 1928, E F J Duclos, Brtt Pat No 8419, 1839 
W L Dudley Amer Chem Journ ,28 61, 1902 F Duftschmidt Berg HUB Jahrb Montan 
Ledben 72 42, 1924 J Durocher Compt Rend , 32 823 1851 P Ebell, Dingier s Journ 214 
410 1874 J M EderandE Valenta Sitzber Akad Hwn 82 621 1880, Monatsh 1 770, 1880 
F Emich tb 15 385,1894 O L Erdmann and R F Marehand Journ prakt Chem , (1), 33 3 
1844, A J Evans, Brit Pat No 299919, 1927 P P Fedoteeff andT N Petrenko Zett anorg 
Chem , 157 169 1926 P Fireman Journ Ind Eng Chem 17 604 1925 W Florence, Neues 
Jahrb Mtn , n 134, 1897 F Fouque and A Michel Levy Syntheae des mineraux et dee roches , 
Paris 236 1882 F Frankenburger, L Andrussoff and F Durr, Zett Elektrochem 34 635 1928 
G Frebold Med 23 116 1926 G Freboldand J Hesemann Centr Mtn ,316 1926 A Frenzel 
Neues Jahrb Mtn 685 1874 G Friedel Bull Soc Mm 14 9 1891 17 150 1894 J L Ga\ 
Lussac, Ann Chtm Phys (2), 22 415, 1823 G Gilbert Econ Geol 22 180 308 1927 
W H Giles and H A Wilson, Brit Pat No 240589, 1925, J Gill tb 5618, 21884 1909 
A Gorgeu, Bull Soc Chtm (2) 47 718,1887 Compt Rend 98 992 1884 104 1174 1887 
E Greulich Zeit anorg Chem , 6 379, 1894 \\ Gunther German Pat , D R P 241341, 1909 

L Hackspill and R Grandadam Compt Rend , 180 69, 1925 Ann Chtm Phys , (10), 5 235 
1926 V Hammerle Neues Jahrb Mtn B B ,28 719, 1910 C N A de Haldat du Lys Ann 
Chtm Phys (2), 46 70,1831, W C Hansen and L T Bro'ft nmiller, Amer Journ Science (5) 15 
225, 1928 C von Hauer, Sitzber Akad Wien 13 456 1854 O Hauser, Ber , 40 1960 1907 
P Hautefeuille and A Perrey, Ann Chtm Phys , (6) 21 419, 1890 Compt Rend , 110 1038, 
1890, J C Heckman, German Pcd DRP 215787 215860,1908 J A Hedvall, Zett anorg 
Chem , 120 327 1822 121 219, 1922 E F Herroun and E Wilson, Proc Phys Soc , 31 299, 

1919 , 33 196, 1921 41 100, 1928 , S Hilpert Ber , 42 2248 2899, 4575 4893 1910 Ber deut 
phys Chem , 11 293, 1909 , Journ Iron Steel Inst 82 u, 65, 1910 , F Hochstetter Jahrb geol 
Reichsanst Wien, 5 894 1854 , H 0 Hofman and W Mostowitsch, Trans Amer Inst Mtn Eng , 
39 632 1909 G F Huttig and H Garside, Zett anorg Chem , 179 52 1929 J Huggett, Ann 
Chtm Phys , (10) 11 447 1929 V N Ipatieff and I N Kondyreff, Ber 59 B 1422, 1926 
V N Ipatieff and W Werchowsky, tb , 42 2086, 1909 , Journ Russ Phys Chem Soc 41 781, 
1909 C L Jackson and J H Derby Amer Chem Journ 24 20, 1900 T Katsurai and 
T Watanabe Science Papers Phys Chem Research Tokyo 13 89 1930 A Kaufmann and 
F Haber Zeit Elektrochem ,7 733 1901 , G A Kenngott UcberstcM der Resultate mxncralogischer 
Forschungen Leipzig 254 1865 , H Kinder, Stahl Etsen SO 412, 1910 R Klemm Centr Mtn 
90 1928 H B Kosmann, Zeit deut geol Ges , 45 335, 508, 1893 A Krantz, Ber Ntederrh 
Ges Bonn, 81, 1858 Neues Jahrb Mtn 193, 1859 , M Kuhara, Japan Journ Geol ,4 1, 1925 
F Kuhlmann Compt Rend , 52 1286,1861 M Lachaud and C Lepierre Bull Soc Chtm (3), 7 
256, 1892 B Lambert and J C Thomson, Journ Chem Soc , 97 2430 1910 , J Laux German 
Pat ,DRP 463773 1925 464561, 1926 J Leech and J Neale tb , 1281, 1879 , S J Levy 

and G W Gray, Brtt Pat No 307188 1928 , A Liversidge Chem News, 66 242 1892 Rept 
Australasian Assoc 302 1892, C M Loane Journ Phys Chem, 37 615,1933 R Lorenz Zeit 
anorg Chem 12 436, 1896 , G Lunge and F M Lyte, German Pat , D R P 74487, 1893 
J F N Macay Brtt Pai No 4218, 5336 1879 J McFetnd ge, US Pat ho 1045723 1909, 
H Mackler Tontnd Ztg 20 207 1896 F J Malagutj Ann G him Phys (3), 69 214, 1863 , 
Compt Rend 55 350 715 1862 56 467 1863 A Matthiessen and S P Szezepanowsky £ 4 
Rep , 342, 1868 82 1869 Chem Neios, 18 1 14 1868 , 20 101 1869 G Medameh, Neues 

Jahrb Mtn ,n 20,1903 ,H E MerwmandJ C Hostetter, Amer Mtn 4 126 1919, S Meunier 
Compt Rend 107 1153 1888 E Millosevich Perxodxco Mtn , 1 152, 1930 E Mitscherlich 
Pogg Ann , 15 632 1829 A Mittaseh Brit Pat No 258313, 1925 German Pat DRP 
422269, 1924 A Mittaseh R Lucas and R Gnessbach tb 474416, 1925 H Moissan, Ann 
Chtm Phys , (5), 21 205, 1880 , C Monnett, Bnt Pat No 230910, 1923 , J Morozewicz, 
TschermaJc s Mitt , (2), 18 84 1899 A J Moxham, U S Pat No 1489362, 1921 W Muller, 
Zett deut geol Ges , 46 63 1893 0 S Neill, Brtt Pat No 230774, 1924 W H New house, 
Econ Geol , 24 62, 1929 W H Newhouse and W H Callahan, ib , 22 629, 1927 J Noggerath 
Neues Jahrb Mtn , 324, 1844 L Ott, Elektrolyse geschmclzener Molybdate und Vanadate, 
Munchen 1911 F Parmentier, Compt Rend , 94 1713, 1882 , E A Parnell, Brtt Pat No 
4201 1881 , N Parravano and G Malquon, Anal Soc Fts Qutm , 27 454, 1929 H and 
W Pataky, German Pat y D R P 76686, 1893 77114, 1894 O P attenhausen , Ueber das elektro 

motonsche Verhalten der Etsenoxyde tn Kalluzuge, Leipzig, 1914 , J Pelouze and E Fremy, Notions 
generates de chtmte, Pans, 259 1853 , K. Petrasch, Neues Jahrb Mtn BB , 17 498, 1903 
L Petnk, Tontnd Ztg , 20 275, 1896 , R Phillips, Brtt Pat No 6846, 1835 , T L Phipeon, 
Cosmos, (2), 2 411, 1864 Compt Rend , 51 637, 831, 1860 Chem News, 3 359, 1861 , 
L V Pratis, German Pat ,DRP 145617, 1902 , O C Ralston, Iron Oxide Reduction Equilibria 
Washington, 1929 Bull U S Bur Mines, 296, 1929 C F Rammelsberg, Pogg Ann 107 
451, 1859 , J A Rea veil, Journ Soc Chem Ind , 47 347, T, 1928 H V Regnault, Ann Chtm 
Phys , (2), 82 346, 1836 , H H Reiter, Neues Jahrb Mtn B B ,22 194, 1906 , T W Richards 
and G P Barter, Proc Amer Acad , 23 245, 1900 , J Robbins, Compt Rend , 49 500, 1859 , 



820 


INORGANIC AND THEORETICAL CHEMISTRY 


56 386, 1863 , Chem News, 1 11, 1859 , Y Rodt, Nee Trav Chim Pays Bas , 49 441, 193Q 
G Rose Monats AJcad Berlin , 450, 1867 , P Sabatier and J B Senderens, Ann Chim* Phm 
(7) 7 355, 1896 , Cornet Bend , 114 1430, 1892 M Sarzeau, Joum Pharm Chim (2) 37* 
23 1860 Chem News 1 137 1860 H F Saunders, U S Pat No 1496605 1496606, 1496607 
1922 G Schmidt, Liebig's Ann 36 99,1840 E L Schubarth, Lehr buck dei theoretischen ChemJ 
Berlin, 271, 1822 , H Schulze, Joum pralt Chem , (2), 21 411, 1880 H de Senarmont Ann 
Chim Phys , (3) 30 129, 1850 , (3), 32 409, 1851 K Shibata and T Kohno, Japan Pat No 
79024, 1927 , A Simon and T Schmidt, Koll Zeit , 36 76 1925 , J L Smith, Chem News 31 
210, 1875 , Compt Bend 80 301, 1875 Amer Chemist 5 356, 1875 , Original Besearches tn 
Mineralogy and Chemistry Louisville, 480, 1884, R O Snellenberger US Pat No 1542968,1922 
R B SosmanandE Posnjak Joum Washington Acad , 15 329 1925 P Stapf and G Brun 
hubner, German Pat , D B P 389161, 1921 R and C Stemau ib , 393 1877 E Stimemann 
Neues Jahrb Mtn B B ,52 358, 1925 53 76, 1925 H N Stokes, Joum Amer Chem Soc* 
29 307,1907 T StorerandC J A Taylor Brit Pat No 290421 1927, D Tassara French Pal 
No 568730, 1923 , A Terreil, Compt Bend , 82 455, 1876 T Terreil, German Pat , D B P 
29966, 1884 , P Tschirwinsky, Bull Umv Eiew , 131, 1903 , Zeit Kryst , 46 294 1909 Ncpro 
duction artificielle de mmeraux aw XIX e siecle Kieff 1906 L H Twenhofel, Econ Geol 22 
180, 1927 D Tyrer, Brit Pat No 174306, 183323,1921 H Vater, Zeit Kryst , 10 391,1885 
S Veil, Compt Bend , 176 101, 1923 , 186 753, 1928 , A Vesterberg, Ber , 39 2274, 1906 * 
R Vidal German Pat , D B P 143517 1902, A Vogel Joum pralt Chem , (1), 63 187, 1854 
Joum Pharm Chim (3) 26 31, 1854 Dingier s Joum , 132 275 1854 J H L Vogt, Zur 
Kenntnu der Gesetze der Mineralbildung m Schmelzmassen und die neuvulcanischen Ergussgestemer 
Christiania, 217, 1892 Zeit Kryst , 21 174 1893 P A Wagner, Econ Geol , 22 845, 1927 ’ 
E Wedekind and W Albrecht Ber 59 B, 1726 1926 60 B, 2239, 1927 C A Weeks 

U S Pat No 1048247, 1911 E Wemschenk, Zeit Kryst , 17 488, 1890 , L A Welo and 
O Baudisch, Naturwiss , 13 752, 1925 , 14 1006, 1926 Phil Mag , (6), 50 299, 1925 Joum 
Biol Chem , 65 215, 1925 Chem Ztg 49 661, 1925 , Phys Bev , 25 587, 1925 , E W Wescott 
US Pat No 1552786 1922, F Wibel, I eisuche uber die Reduction von Kupferoxydsalzen durch, 
Eisenoxydulsalze zu metaUtscken Kupfer oder Kupferozydul Hamburg, 9, 1864 , R Willstatter 
H Krant and W Fremery, Ber , 57 B 1498 1924 A N Wmchell, Amer Mm , 16 270, 1931 
L W Winkler, Zeit angew Chem ,30 64, 1917, C R A Wright and A P Luff, Joum Chem 
Soc 33 8, 1878 

7 U R Evans, Joum Chem Soc 1022, 1927 Nature , 120 584, 1927 , W N Hartley, 
Proc Boy Soc , 46 88, 1889 , F H Constable ib , 117 A, 376, 1928 , A Kundt Wied Ann , 
27 69, 1886 A Krause, Zeit anorg Chem , 180 122, 1929 , A Zocher and W Heller ib 186 
75 1930 H Zocher, ib , 147 91, 1925 H Zoche^ and K Jacobsohn, Koll Beikefte, 28 169, 
1929 E O von Iappmann, Chem Ztg , 45 801, 1921 , V Kohlschutter and J L Tusoher, 
Zeit Elecldrochem ,27 225, 1921 A Mittasch , German Pat ,D BP 422289, 1924 J Y John 
son, Brit Pat No 258313, 1925 W E Gibbs, Joum Soc Chem Ind 45 177 T, 1926 , 
G Janderand A Wmkel, KoU Ze it 63 5, 1933, S S Kistler, Joum Phys Chem , 36 52, 
1932 

8 G Meir was one of my students whose work on this subject was interrupted by the 1914-18 

war The work was not taken up after his lamented death— killed m action A Salvetat, Ann 
Chim Phys , (3), 27 333, 1849 L Wohler and C Condrea, Zeit angew Chem , 21 481, 1908 , 
FEE Germann, Science (2), 63 480,1926 A Bouchonnet, Bull Soc Chim , (4), 9 345 1911, 
(4), 11 6, 1912 , Contribution a l etude des ocres , Paris, 1913 , R B Sosman and J C Hostetter, 
Joum Amer Chem Soc 36 807,1916, R B SosmanandE Posnjak, Joum Washington Acad , 
15 339, 19^5 , T Camelley and J Walker, Joum Chem Soq ,£ 3 89, 1888, E Davies, ib , 19 
69 1866 H D Bradford, Proc Paint and Varnish Soc , 112 1920, T Terreil Brit Pat No 
5930, 1884, M N d Andna, ib , 5349, 1893 N McCulIock, ib , 17113 1894 A Bunterockm 
J G Gentele, Lehrbuch der Farbenfabnkatwn , Braunschweig 2 233, 1909 , H Stem, Sprech , 
21 488 1888, J A HedvaH, Zeit anorg Chem 120 327, 1922 121 217, 1922, W Ostwald, 

AoE Zett, 16 1, 1915, H Wagner, 16, 54 310, 1931 Zeit angew Chem 43 861, 1930 
Die Korperfarben, Stuttgart, 219, 1928 , F Rose, Die Mmeralfarben, Leipzig 208, 1916 G Zerr 
and R Rubeneamp, Handbuch der Farben FabriJcation, Berlin, 1908 London, 390 1908, 
G H Hurst, Painters * Colours, Oils, and Varnishes , London, 106 1896 , Chem News, 59 
172, 1889 S Mierzmsky, Die ErH , Mineral , und Lack Farben, Weimar, 335, 1881 , J Zwelfler, 
Pharmacopoeia regia Viennse, 1652 L L6mery, Mem Acad 268, 1735 Geber, Works, London, 
280, 1698 Basil Valentine, The Last Will and Testament, London, 191, 297, 1671 Von dem 
grossen Stein der Uhralten, Strassburg, 1651 A Libavius, Alchemia Francofurti, 1595 
h ’ 20 1916 » J H Yoe ib , 25 196 1921, F H Scheetz, 

to , 21 570, 1917 , D S Hager, Bull Amer Assoc Petroleum Geol , 12 901, 1928 P Fireman, 

Chem , 17 603, 1925 , G R MacCarthy, Amer Joum Science , (5), 12 17, 
1926 Amer Min , 11 321 1926 Joum Elisha Mitchell Soc , 41 135, 1925 E F Holden, 
Amer Mm, 8 117, 1923 A Nabl, Tscherrrtals Mitt (2), 19 273, 1900, W Spring, Bee 
t*?? S h%m Pays 17 m > 1898 J A B^avell, Joum Soc Chem Ind , 47 347, T, 1928 , 
J F Gmehn, Comment Soc Gott , 2 41, 1779 , 4 20, 1781 J J Ferber, Brief e aus Walschland 
ubernaturliche Merkwurdigkeiten dieses Landes, Prag, 30, 1773 U F B Bruckmann, Beytrdge 
sm der Abhandlung von den Edelstetnen, Braunschweig 55, 1778 , J Beckmann, Beytrdge zur 
GescMchte der Erfindungen, Leipzig, 3 211,1792, London,! 481,1846, R Zsigmondy, Dmglet's 



IRON 


821 


Joum ,287 21, 1893 , 0 M6ne,t& 182 469, 1866 Compt Rend , 63 609, 1866 M E Ciie\reu], 
tb 63 281, 1866 A Vememl t b 151 1053, 1910 J F Persoz, tb , 17 1064, 1843, 
L C A Barreswil, tb , 17 738,1843 Joum Pharm Chim , (3), 4 455 1843 J Foumet, .dim 
£oc Ague Lyon 4 105 483, 1841 Ann Chim Pkys , (3) 4 370 1842 Arm Mines (4), 2 
483, 1842 G Bontemps, Phil Mag , (3) 35 539, 1849 , B A Pep , 34, 1849 Chem Oaz , 7 
406, 1849 , 0 J B Karsten, Joum prakt Chem , (1), 20 375 1840 B Silliman, Elements of 
Chemisin j New Ha\en, 2 256, 1830 K A Hofmann and F Resenscheck, Liebig s Ann , 342 
364, 1905 J Percy, Metallurgy , London 56, 1875 J Napier, A Manual of Dyeing and Dyei ig 
Receipts London 222, 1875 J T Berzelius, Jahresber 20 97, 1841 , W D Bancroft Joum 
PJiys Chem , 23 603, 1919, W D Bancroft and G E Cunningham, ib , 34 1, 1930 
W D Bancroft and H L Davis, ib 34 1797, 1930 , T L Phipson Bull Soc Chim , (2), 7 
322 1867 A \ogel Joum prakt Chem (1), 63 187, 1854, M Dartigues, Joum Phys 59 
5 1804 , Phil Mag 20 259, 1805 E O von Lippmann, Chem Ztg , 45 801 1921 
"ft H Bruckner, Trans Amer Electrochem Soc , 57 143, 1930 , J W Mellor, Trans Cer Soc 
32 403 1933 

9 H Abraham and R Planiol, Compt Rend , 180 1328, 1925 A dAchiardi Mmeialogia 
dells Toscana Pisa, 1 112 1872 G d’Achiardi, Atti Soc Toscana , 21 22 1905 N Akuloff 
and M Degtiar, Ann Physik, (5), 15 750, 1932 , G Aminoff Geol For Fork Stockholm , 42 
363, 1920 O Anderson, Amer Joum Science , (4) 40 370, 1913 , J d’Ans, Das wasserfrete. 
Ferrosulfat und seme Zersetzung be i hoheren Temperaturen, Kid, 1905 H Arctowsky, Zeit anorg 
Chem , 6 379, 1894 A Arzruni, Zeit Kryst , 18 51, 1891 , M Bauer, Zeit deut geol Ces , 26 
186, 1874 , C Bauerwald Zeit Kryst , 7 173, 1883 , M Berek, ib , 77 1, 1931 , A Bexgeat 
Neues Jahrb Mm , n, 109, 1897 H Biasch Zeit Kryst , 70 1, 1929 Morphologi&che Unter 
suchung am Hdmatit Leipzig, 1929 , C C Bidwell, Phys Rev , (2) 10 758, 1917 L Blanc Ann 
Chim Phys , (10), 6 182 1926 , J R Blum Die Pseudomorphosen des Mmeralretche Stuttgart, 
277, 1843 , 18, 1847 114 1852 , 241, 1863 153, 1879 O B Boggild Mmeralogia Qroen 

landtca , Copenhagen 95 1905 , J Bohm Zeit anorg Chem , 149 217, 1925 Roll Zeit , 42 279, 
1927 J Bohm and F Ganter, Zeit Kryst , 69 17 1928 , W H and W L Bragg X Rays and 
Crystal Structure , London 1915 , A Breithaupt Berg Hutt Ztg , 12 370, 400 1853 Die Para 
genesis der Miner alien, Freiberg, 194, 1849 Vcllstandiges Handbuch der Mineralogte Dresden, 
817 1847 Handbuch der Mineralogte, Freiberg 3 b, 234, 1816 A Brezma Sitzber Akad Wien, 
63 323, 1871 , R Brill, Zeit Kryst , 83 323, 1932 T M Broderick, Econ Geol , 14 353, 1919 , 
W C Brogger Zeit Kryst , 16 13, 1890 , Die Mmerahen der Sudnonoegtschen Granitpegmatii 
gauge , Christiania, 20, 1906 G G Brown and C C Furnas, Trans Amer Inst Chem Eng , 18 
309,1926 L Bucea AttiAccad Catania, (4), 6 5,1893, Zeit Kryst 25 398 1895 H Bucking 
tb , 1 562, 1877 2 416 1878 L Busatti ib , 12 201, 1887 K Busz, ib , 19 25 1891 
H Buttgenbach, Ann Soc Geol Bdg , 28 199, 1900 , M Carr£re, 4 7m Soc d Emulat Dept 
Vosges Epmal, 1849 E J Chapman, Amer Joum Science (2), 26 355 1858 407 1927 , 

H le Chatelier Compt Rend , 120 624, 1895 , Bull Soc Chim (3), 13 648 1895 G Ghaudron, 
Compt Rend , 184 199,1927, G Chaudron and H Forestier, ib , 179 763 1924, R Che\ abler, 
tb , 180 1474, 1925 , J H Collms, A Handbook to the Mineralogy of Comuall and Devon, Truro, 
1876 L Colomha, Atti Accad Torino , 39 664, 1904 K T Compton and E A Trousdale, 
Phys Rev , (2), 5 215, 1915 , F Cornu, Tschermak s Mitt , (2), 26 342, 1907 , W P Davev, 
Phys Rev , (2), 21 716 1923 , M Dittrich, Cen.tr Mxn , 460, 1903 Neues Jahrb Mm , u, 24 
1906 E Doll, Verb geol Reichsanst Wien, 148, 372 1900 K B Doss, Zeit Kryst 20 567 
1892 H Dufet, Bull Soc Mtn 26 60, 1903 P A Dufrenoy, Traite de mineralogte, Pans, 
2 570 1856 , L A Emmerlmg Lehrbuch der Mineralogte, Giessen 2 301, 1796 3 409 1797 

G Fink, Bihang Akad Handl Stockholm, 13 7,1887 W Florence, Neues Jahrb Mtn ,n, 134, 
1898 H Forestier and G Chaudron, Compt Rend , 180 1264 1925 , W F Foshay, Amer 
Mm , 5 149, 1920 S di Franco, Zeit Kryst , 17 1 1903 BoU Accad Catania 74 18, 1901 
F Frankenburger, L AndrusofE and F Durr, Zeit Elektrockem , 34 635, 1928 G Frebold, Met , 
23 115, 1926 G Frebold and J Hesemann, Centr Mtn , 315, 1926 , A Frenzel, Tschermak s 
Mitt , (2) 21 182 1902 Mtnercdogisches Lexicon fur das Konigretch Sachsen, Leipzig, 145, 1874 , 
G Fnedel, Bull Soc Jfcfm,14 9,1891 17 150,1896 C C Furnas, Trans Amer Inst Chem 

Eng , 18 295, 1926 , A Guard and G Chaudron, Compt Rend 196 925 1933 V Gold 
schmidt, Zeit Kryst 28 418, 1897, V M Goldschmidt, Sknft NorsJeAkad, 7 1925, 8, 

1926 , V M Goldschmidt, T Barth and G Lundi, Norsks Vxd Akad Oslo 1, 1926 F Goa 

nard, Compt Rend 126 1048, 1898 J P Graffenauer, Essai (Pune mineralogte economco 
technique des departments du Haut et Bos Rhm Strassburg 1806 T Grandjean Jahrb Ver 
Nat Nassau, 7 230, 1851 , R P Greg and W G Lettsom Manual of the Mineralogy of 
Great Britain and Ireland, London, 247, 1858 , W S Gresley, Amer Geol , 9 219 1892 
H Groebler, Zeit Physik, 48 567, 1928 H Groebler and P OberhoSer, Stahl Exsen 47 
1894 1927 P Groth, Die Mmeralxensammlung der U niter sitdt Strassburg, Strassburg, 74, 
1878 J W Gruner, Econ Geol , 21 390, 1926 Amer Mtn , 14 227, 1929 , F Haber, 

Naturmss , 13 1007, 1925, O Hahn and O Muller, Zeit Elektrockem, 29 189, 1923 
W Haidmger, Neues Jahrb Mxn 66 1847 , A Hamberg, Geol For Fork Stockholm, 12 567 
1890 W C Hansen and L T Brownmiller Amer Joum Science, (5) 15 225, 1928 
R W Harre, Zeit Kryst 42 280 1906 E A Harrington, Amer Joum Science, (5), 13 467, 

1927 , R J Hauy Traxte de mineralogte Paris, 4 42 1801 O Hauser, Ber , 40 1960, 1907 
M F Heddle, The Mineralogy of Scotland, Edinburgh, 1 88, 1901 , Mxn Mag , 5 3, 1882 



822 


INORGANIC AND THEORETICAL CHEMISTRY 


J A Hedvall, Zeit anorg Chem , 120 327 1922 121 217, 1922 W Heisenberg, Problem* dor 
modemen Phystk, Leipzig, 114, 1928, Zeit Phystk, 49 619, 1928 S B Hendricks and 
W Albrecht, Ber , 61 B, 2163, 1928 , J Hesemann Die devomschen Etsenerze des Mittelhanu 
Hannover, 38 1927 F Hessenberg, Mmeralogtsche Notizen, Frankfurt, 5 43, 1863 6 1 lftftfi 
8 33, 1868 9 63, 1890 Abhand Senckbg Ges Frankfurt , 4 223 1863 5 233, 1866 g Hil 

pert, Ber 42 4678, 1909 F von Hochstetter, Jahrb geol Reichsanst Wien 5 894 ] 864 
P J Holmquist, Geol Fork Stockholm , 47 142, 1925 K Honda and T Sone Science Ben 
T6hoku Umv , 3 223, 1914, E J Houston, Chem News , 24 178, 1871 J Hueeett and 
G Chaudron, Compt Bend , 184 201, 1927 186 694, 1617, 1929 , T S Hunt, Amir Journ 

Science , (2) 13 370, 1852 , W Jansen, Zeit Kryst , 86 176 1933 , P Y Jeremeeff, Proc Bunn 
Mm Soc , 24 426, 1888 27 440, 1890 33 19 1895 , Zeit Kryst 7 206 1883 15 653 
1889 , 25 573 1896 28 621 1897 W P Jervis I Teson Sotlerranei dell Italia Tunn i 
21, 1873 , G Kalb, Centr Mm , 712, 1924 Zed Kryst 75 311 1930 T Katsurai Science 
Paper 8 Inst Phys Chem Research Tokyo , 12 161 1929 T Katsurai and T Watanabe tj 
13 89 1930 S Katzoff, Zeit Kryst , 86 311, 1933 G A Kenngott, Die Mmerale der Schweiz 
nach thren Eigenschaften und Funderten, Leipzig 283 1866 Uebersicht der Resultate mmeraio 
gischer Forschungen , Leipzig, 147 1857 , 6 Keppeler and J d’Ans, Zeit phys Chem 62 89 
1908 , P F Kerr Econ Geol , 19 1 1924 E Kleinfeldt, Neues Jahrb Mm B B 24 325* 
1907 , Studten am Etsenglanz ion Dognacska Stuttgart, 1907 Aetzftguren am Eisenglanz 
und verwandte Erschemungen Stuttgart, 1909 F von Kobell, Joum prakt Chem (1) 14 
412 1838 A Koch, Orv Term Ertesito 15 140„ 229, 18% Zeit Kryst , 20 316, 1892 
E J Kohlmeyer, Met 6 325, 1909 N von Kokscharoff Pogg Ann Ergbd 3 320* 1853* 
Mater talien zur Mmeralogie Rus°lands St Petersburg, 1 9, 1853 , A Krantz, Ber Niederrh 
Ges Bonn , 82 1858 M Lachaud and C Lepi&rre Compt Rend 114 915 1892 A Lacroix, 
Mmeralogie de la France et de ses colonies Paris 3 254 1901 Bull Soc Mm 15 11 1892 
30 234, 1907 A Lacroix and P Gautier, Compt Rend , 126 1539 1898 , F von Lasaulx 
Zeit Kryst 3 294 1879 Ber Niederrh Ges Bonn , 254 1874 E Laval, Mem Acad Clermont 
16 635 1874 , A Lavemr Bull Soc Mm 12 49, 1892 , I Lea Proc Acad Philadelphia , , 110, 
1866 , C C von Leonhard, Handbuch emer ellgememen topographischen Mmeralogie, Frankfort*, 
1 178, 1805 A Levy Description d une collection de mmeraux formte par M Henri Heuland 
Londres 3 113 1837 O M Lieber, Berg Hutt Ztg , 16 241 1857 19 9, 1860 Amer Joum 

Science (2) 28 148 1859, J Loczka Zeit Kryst 37 601 1903 Ber Math Naturw Ungam, 

8 99, 1890 , O Luedecke, Die Minerals des Harzes, Berlin 195 1896 , G W McKee Amer 

Joum Science (4) 17 241, 1904 (5) 17 241, 1929 , E Manasse Atti Soc Toscana, 21 166 

1905 J S Martin, Trans Manchester Geol Soc , 23 162, 1895 , Zeit Kryst 28 215, 1897 
C Mauguin, Compt Rend , 178 785, 1924 G Melczer, Chem Ztg , 27 409 1903 Zeit ’ Kryst 
37 581, 1903 H E Merwm and J C Hostetter, Amer Mm , 4 126 1919 F Millosevich 
Periodica Mm Roma 2 139, 1931 W G Mixter, Amer Joum Science , (4), 40 28, 1915 
Zext anorg Chem , 92 391, 1915 , F Mohs, Des Herm J F Null Mmeralienkabmet, nach 
emem durchaus auf aussere Kennzeichen gegrandeten Systeme ge&rdnet Wien 3 377, 1804 
Treatise on Mineralogy Edinburgh, 2 405, 1925 , Grundnss der Mineralogy Dresden, 2 463 
1824, J Morozewicz, Tschermak's Mitt (2) 23 149, 232 1904, Mem Com Geol 18 70, 
1901 , A J Moses, Amer Joum Science , (4), 20 285, 1905 , W R Mott, Trans Amer Elec- 
trochem Soc 34 292, 1918 F Muck, Zeit Chem (2), 4 42, 1868 O Mugge, Neues Jahrb 
Mm BB 16 374,1903 Neues Jahrb Mm 1, 216 1884, n 35 1886, 1 237,1889, W Muller 
Zeit deui geol Ges , 45 63, 1893 C F Naumann, Letirbuch der Krystallographie , Leipzig, 2 315 
1830 J J Noggerath Ber Niederrh Oes Bonn, 86 1860 Neues Jahrb M%n , 672 1860, 
W Nowacki, Zeit Kryst, 83 97, 1932, F F Osborne Econ geol,ZS 442, 1928, F Papp 
Foldt Kod 57 27, 1927 , N Parravano and G Malquon, Ann Soc Fis Quim , 27 464 1929 
L Passenm Gazz Chirn Ital 60 544, 1930 62 85, 1932 , L Pauling and S B TTendnnlni 
'L ou ™ J 4 ™'* Soc * 7 781, 1925, A Pelikan Tschermak s Mitt (2), 16 519, 1897, 

S Togg Ann ,111 275 1860 , L V Pirsson, Amer Joum Science (3), 42 407, 1891 , 

C F Rammelsberg Pogg Ann 104 527 1858 , 107 451, 1859 Handbuch der Mmeralchemie 
dJ*? 12 ? lilt = von Rath Pogg Ann 128 420, 1866 138 536, 1869 146 56, 1872, 

5A Rw,l,1872 AWerrAGe* Ron» 112 1861 135, 1872 103, 1876, \erh Naturh 

Ver Rheml 131, 146 1877 Zeit deui geol Ges , 14 389 770 1862 22 705, 1870 25 108 

234, 1873 Zeit Kryst 6 192 1882 F Rrnne, ib , 60 62 1924 S Rogmsky and E Schulz 
Zafphy* Chem , 138 36, 1926 J B L Rome de 1 Isle, Custallogi aphte Pans, 3 198 1783 
iiwt- nach dem Ural, dem Altai, und dem laspischen Me ere Berlin 1 233 1837 2 

1854 ** Rose, f 6 1 81, 1824 H Sachs c, Zeit phys Chem t 

9 A, 83, 1930 A Sadebeck Zeit deui geol Ges 27 243 1875 Pogg Ann , 156 557 1875 

* A A 108 1069 1889 A kcacchi. Ait i Accad Napoli, 

W’ 8 9 1874 8 3 > 1888 A and r Scacchi, xb , (2), 1 5, 1886 , T Scheerer Nyt Mag , 

% 418 1842 ’ 153, 1845 Y Schmaelmg, Zeit Phystk 47 723, 1928 A Schmidt, 

Zeit Kryst 7 548,1883 Orv Term Ertesito,! 260, 1882 C F Schonbem, Joum prakt Chem 
U' ri. 194 1871 7 J r C Schroeder van der Kolk, Centi Mm , 80, 1901 , A Schwantfee, 
me Drussen mmeralten des strugauer Gramts Breslau, 1896 J Schweitzer, Krystallographtsche 
Bescitrewung des Evsenglanzes und des Fahlerzes ton Framont, Strassburg, 1892 G SiUem, 

’ f\ lm 401 1851 536, 1852 B Silliman, Amer Joum Science, 
(3), 24 375, 1882 , A Simon, Chem Ztg , 23 195, 1925 , A Simon and T Schmidt, JCoU 



IRON 


823 


Zeit 36 65 1925 , R B Sosman and J C Hostetter Journ Amer Chem Soc , 38 831 1916 , 
R B Sosman and E Posnjak Journ Washington Acad 15 340 1925 L J Spencer Min 
Mag 15 60 1908 A de Stefam, Boll Com Oeol Ital 137 1877 J Stru\er, Attt Accad 
Torino, 7 377, 1872, Mem Accad Lina t, 4 347 1888 , 6 153, 1889, P von Sustschmsh^, 
Zext Kryet , 37 62 1903 V V Syedeltschikoff Bull Inst Polyt Dm 5 25 1916 H Tertsch, 
Tschermak s Mitt , (2), 21 248 1902 (2), 25 549, 1906 J Thesis, Phil Mag , (7), 12 1089 

1931 J Topping Proc Boy Soc 122 A 251 1929 H Traube Die Mmerale Scle^iens, Breslau 
117, 1888, Neues Jahrh Mm , n, 65, 1887 P Tsehirwinsky, Zett Kryst 58 387, 1923 
L H Twenhofel, Econ Oeol ,22 183, 1927 , G Uzielli, Bend Accad Lmcei, 3 4, 1876 , Boll 
Com Oeol Ital , 137 1877 H Vater, Zeit Kryst 10 391, 1885 J H L Vogt Zett praH 
Ged ,2 30, 1894 3 446, 1895 11 24, 1903 Salten og Banen, Knstiama 215 1891 T jftada. 
Minerals of Japan, Tokyo, 53, 1904 J Wasastjeraa Soc Fenn Sctent Comm 1 38, 1923 
E Wedekind and W Albrecht, Ber , 59 B, 1726 1926 60 B, 2239, 1927 , Zeit Kryst , 68 

567 1928 E Weinschenk Zeit Kryst , 26 409,1896 L A WeloandO B&udisch Nahtrutss 
13 752, 1925 14 1006 1926 Phys Bev , (2) 25 587, 1925 Phi Mag , (6) 50 404, 1925, 

A G Werner, Letztes Mtneralsystem , Freiberg, 20, 1817 R D Williams and J Thewlis, Trans 
Faraday Soc 27 767, 1931 , E Wilson and E F Herronn, Proc Phys Soc , 41 102, 1928 , 
N H Wmchell, Amer Oeol , 11 20, 1893 D F Wiser, Neues Jahrb Mm 423, 1839 , 215, 
1840 222 1842 , 298 1843 165, 1884 431 1850 785, 1860 , 194, 1866 L Wohler and 

0 Condrea, Zeit angew Chem ,21 481,1908 P M Wolf and H Zeglm,Detd Med Wochenschr , 
55 989, 1929 P E Wretblad, Zeit anorg Chem , 189 329, 1930, E A Wulfing, Tschermak s 
Mitt , (2), 15 69, 1895 , W H Zachanasen, Shrift Norske Akad , 4 1928 , V yon Zepharovich, 
Mmeralogtsches Lexicon fur das Katserthum Oesterrtich Wien, 201, 1859 149, 1873 , 126 

1893 K Zimanyi, Centr Mm , 3, 1908 Ber Ungar Akad Wtss , 33 55, 1926 Zeit Kryst , 

39 507, 1904 E Zirkel, Zeit dent ged Ges , 19 208, 1867 

10 R van Aubel Ann Soc Ged Belg ,51 C, 5 1928 H Baumhauer, Sitzber Akad Berlin 

322, 1906 Zett Kryst , 43 61 1907 J Beyer, Studten uber die Gleichgeictchtsbedtngungcn 

zmschen Wasserstoff Wasserdampf Gemischmund Etsenoxyden Berlin 1911, W Blitz A Lemk© 
and K Meisel, Zeit anorg Chem , 186 373 1930 J R Blum, Die Pseudomorphosen des Mineral 
reichs Stuttgart 32,277 1843 138 1852 , 240 1863 17 1879, A Breithanpt Die Paragenests 

der Mmeralien, Freiberg 194 1849 , Berg Butt Ztg 12 370, 1853 VoGUtandige Charaktenstik 
des Mineralsystems, Dresden 233, 1832 , Schwexgger's Journ , 54 158 1828 T M Broderick, 
Econ Geol , 14 353, 1919 , J A von Deurs and P E Raasohou, Zett angew Chem , 38 382, 
1925 E Doll Verb ged Beichsanst Wien, 372 1900 , E D Eastman Journ Amer Chem 
Soc , 44 975 1922 , H Forestier and G Chaudron Compt Rend , 180 1264, 1925, A Frenzel, 
Tschermak' s Mitt , (2), 21 182, 1902 Mmeralogtsches Lexicon for das Kontgmch Sachsen , 
Leipzig 151, 1874 G Fnedel Bull Soc Mm , 17 150, 1894 P Geijer, Econ Ged , 26 437, 
1931 G Gilbert %b , 20 587 1925 H Goreeix Compt Bend , 90 316 1880 R P Greg and 
W P Lettsom, Manual of the Mineralogy of Great Britain and Ireland London, 247 1858 , 
P Groth, Die Mmerahensamirdung der UniversitatStrassburg, Strassburg 74,1878 J W Gnmer, 
Econ Ged , 17 1, 1922 W Hawhnger, Neues Jahrh Mm , 69 1847 J F L K an mn a im, 
Eandbuch der Mmeralogte, Gottingen, 240, 1847 M F Heddle, The Mineralogy of Scotland 
Edinburgh 1 88, 1901 S Hilpert Ber 42 2248, 1909 , Ber dent phys Ges , 11 293, 1909 
Journ Iron Steel Inst , 82 u, 65, 1910 S Hilpert and J Beyer, Ber 44 1608, 1911 
A Hofmann Zeit Kryst , 41 674,1906 A Johnsen, Centr Mm 168, 1909, F von Kobell 
Schwetgger's Journ , 62 196, 1831 Abhand Bayr Akad Wise > 1 159, 1832 Grundztgc der 
Mmeralogte, Numberg, 304, 1838 A Krantz, Ber Niederrh Ges Bonn 82, 1858 A Lav«ur, 
BuU Soc Mm , 12 49 1889 , C Maugum, Compt Bend , 178 785, 1924 H A Miers, Mm 
Mag , 11 270, 1897 , O Mugge, Neues Jahrb Mtn B B , 16 374, 1903 J J Noggerath, Ber 
Niederrh Ges Bonn, 86 1860 , W F Petterd Catalogue of the Minerals of Tasmania, Launceston 
48, 1896 Proc Boy Soc Tasmania 18 1902 , P Ramdohr, Festschrift Berg Akad Clausthdl, 
307, 1925 , 1 1928 C F Rammelsberg, Eandbuch der Mmeralchemte, Leipzig 159 1860 
Pogg Ann 68 478 1846 , 104 542 1858 , G vom Rath, Verb Natur Ver Bhevd 144, 1877 
G Rose Pogg Ann , 91 152 1854 H Roaenbusch Ber Nattrf Ges Freiberg 33, 1870 
R Ruer and M Nakamoto, Bev Trav Chm Pays Bos 42 675, 1923 A Scacchi, Attt Accad 
Napolt, (1), 6 9 1874 (1) 3 3,18 88, A Schwantke , Die Drussenmmerahen des stnegauer Gruntis, 
Breslau 1896, G M Scbaarte Econ Ged, 26 739 1931 G Sdlem, Neues Jahrb Mtn ,398 
1851 525, 1852 R B Sosman, Journ Washington Acad ,7 55, 1917, R B Sosman and 

J C Hostetter, Journ Amer Chem Soc , 38 807 1916 Trans Amer Inst Mtn Eng , 58 
409, 1917, H Traube Die Mmerale Schlestens, Breslau 117, 1888 Neves Jahrb Min ,u, 65 
1887 G Tschermak, Sitzber Akad Wien 46 483, 1863, A Vesterbeig, Ber 39 2270, 1906 
D F Wiser, Ne ttes Jahrb Mm 431, 1850 

11 B Aarrno, Medd Ged Helsingfors, 25, 1920 Neues Jahrb Mtn , l 232, 1925 
J Alexander, Kdl Zeit , 36 322, 1925 R van Aubel inn Soc Ged Belg 51 0, 5, 1928 , 
A Bergeat, Neues Jahrb Mtn ,n, 109, 1897 J Beyer, Studten uber die Gleichgeu icht&bedmgimgc* 
zwtschen Wasserstoff W asserdampf Gemischen und Etsenoxyden, Berlin 1911 W Blitz, Zett 
anorg Chem 198 321 1930 L Blanc Ann Chtm Phyi (1), 6 182 1926 L Blanc and 
G Chaudron Compt Bend 180 289 1925 P F O Bouliay Ann Chm Phys , (2), 43 266 
1830, A Breithaupt T oUsiandtgt Charaktenstik da MmerahyiUms, Dresden 233, 1832 
P P Budmkoff and K E Krause Kdl Zeit , 55 330, 1931 W P Da\e\, Phys Bev , (2) 21 



824 


INORGANIC AND THEORETICAL CHEMISTRY 


716, 1923 , Q Dewalque, Bull Acad Belg , (2), 7 412, 1859 , L Inst , 27 330, 1859 A Duboin 
Compt Bend ? , 186 1134,1928 A Frenzel, Mineralogisches Lexicon fui das Koingreich Sachen 
Leipzig 152,1874 0 Hauler, Ber , 40 1960,1907 M F Heddle, The Mmeraloqy of Scotland 

Edinburgh, 1 88 1901 W Herapath, Phil Mag , (1), 64 321, 1824 E F Herroun and 
E Wilson, Proc Phys Soc , 33 196, 1921 S Hilpert and J Bej-er Met 44 1608 1911 
P V Jeremeeff, Proc Buss Mm Soc ,17 319,1882 J Joly , Proc Boy Soc , 41 250, 1887 * 
E J Kohlmeyer, Met ,6 323, 1909 , Me tall Eiz, 1 447, 1913 E J Kohlmeyer and S Hilpert’ 
Met ,7 240,1910 H Kopp Liebigs Ann 81 1,1852, Pogg Ann 86 156,1852 M Lachaud 
and C Lepi&rre, Bull Soc Chim (3), 7 356, 1892 Compt Bend , 114 915 1892 A Lavemr 
Bull Soc Mm , 12 49, 1889 J I oczka, Ber Math Naiurw Ungarn, 8 99, 1890 , E Madeluug 
and R Fuchs, Ann Physik, (4), 65 289, 1921 J Maillard, Becheiche sui les destires de quelques 
corps soltdes, Pans 1917 , F J Malaguti and A Lallemand, Ann Chim Phys , (3), 64 214 
1862, F Muck, Zeit Chem , (2), 4 43, 1868 F E Neumann, Pogg Ann 23 1, 1831 ’ 

W Ostwald and W Haller, Roll Beihefte, 29 354, 1929 , N Parravano and G Malquon, Anal 
Soc P%8 Quim , 27 454, 1929 L Passenni, Gazz Chim , 60 544, 1930 L Playfair and 
J P Joule, Mem Chem Soc , 3 80, 1848 H Puigan, Congreso Sudamcr Quim , 1, 1924 
C F Rammelsherg, Zeit dent geol Ges ,16 6 1864, Pogg Ann ,104 529, 1858 Handbuchder 
krystallographisch physilalischen Chcniie , Leipzig, 1881 , G Rose, Beise nach dem Thai , dm 
Altai, und dem kaspischen Meeie, Berlin, 1 233 1837, 2 475,1842, Pogg Ann, 91 152,1854 
Das brystalhchemischen Mtneralsystem Leipzig, 68 1852 , H Rose, Journ pralt Chem , (1), 
44 220,239,1848, Pogg Ann , 74 440 1849 R Ruer and J Kuschmann, Zeit anorg Chem 
154 76, 1926 , J J Saslawsky, Zeit Kryst , 59 196, 1924 F Sauerwald and G Eisner, Zeit 
Elekttochem , 31 15, 1925 , H G F Schroder Wied Ann , 4 435, 1878 I) Tommasi, Bull 
Soc Chim , (2), 38 152, 1882 A Vesterberg, Ber , 39 2270, 1906 , H P Walmsley, Phil Mag 
(7), 7 1097, 1929 G Weymann, Journ Soc Chem Ind , 37 T, 338 1918 W Zachanasen, 
Norkse V%d Akad , 4, 1928 

12 H Abraham and R Planiol, Nature , 115 930, 1925 , Compt Bend , 180 1328, 1925 , 

A Abt, Math Term Tud Ertesito, 14 33, 1896 21 210, 1899 Zeit Kryst , 30 184, 1899 

Wied Ann , 45 90, 1892 , 57 135, 1896 , 62 474, 1897 , 67 658, 1899 , W Ackroyd and 

H B Knowles, Nature 53 616,1896 W H Albrecht, Ber , 62 B, 1479, 1929 Magnetochemische 

Unter suchungen, Elberfeld, 1927 W H Albrecht and E Wedekmd, Zeit anorg Chem , 202 
209, 1931 , G E Allan Phil Mag , (6), 17 580, 1909 , G E Allan and J Brown, Proc Bey Soc 
Edm , 33 69, 1913 , T Andrews Phil Mag , (3), 32 321, 426, 1848 , J d’Ans, Das wasserfreie 
Femsulfat und seme Zersetzung lei hoheren Temperaturen Keil, 1905 , J R Ashworth, Nature 
111 773, 1923 , E Badareu, Bui Pac Stnnte Gemauti , 1 4, 1927 , Phys Ber , 9 403, 1929 
H Backstrom, Zeit Kryst , 17 425 1890 26 93, 1896 Oefvers Akad Forn Stockholm, 44 

343, 1887 45 536, 1888 , 47 533, 1888 51 545, 1894 K Baedeker, Ueber die elekinsche 

Leitfahigkeit and die ihermoelektnsche Kraft einigcr Schuermetallverbindungen , Leipzig, 1906, 
H A Barton, G P Hamwell and C H Kunsman, Phys Bev , (2) 27 739, 1926 , O Baudisch, 
Biochem Zeit , 258 69 1933 , B Bavmk, Beitraqe zur Kenntmss der magnetischen Influenz tn 
Krystallen Stuttgart, 1904, Neues Jahb Mm B B 19 425,464, 1904, G P Baxter and 

C R Hoover, Journ Amer Chem Soc , 34 1657, 1912 A A Baykoff, Journ Buss Phys 

Chem Soc 39 660, 1907 , P de Beaux, German Pat , D BP 190236, 1906 , R Becker and 
H W F Freundhch, Zeit Physik 80 292, 1933 , A C Becquerel, Ann Chim Phys , (2) 36 
242 r 1827 , F Beijermck, Neues Jahrb Mm BB,ii. 450 1897, C Benedicks and H Lofquist, 
Zeit Ver deut Iruj 71 1577, 1929 , Zeit anorg Chem 171 231, 1928 , J ernkontorets Ann , 
(2) 83 356, 1928 , A Berget, Compt Bend , 104 224, 1887 , G Berndt, Ann Physik, (9), 27 
720, 1908 , Phys Zeit , 9 750, 1908 C L Berthollet, Essai de statique chtmtque, Paris, 2 374, 
1803 , Journ Phys , 61 362 1805 W Bertram Mesmng der spezifischen Warmer ion metal 
lurgisch wichtigen Steffen m etnem grosser en Temperatunnterwall mit Bilfe ion zwei neuen Kahn 
metertypen Braunschweig 1929, J J Berzelius, Schweigger s Journ , 30 54, 1820, Lehrbuch 
der Chemte Dresden, 2 i, 358, 1826 J Beyer, Studien uber die Gleich/gcmcht'bedmgungen zwischen 
Wasserstoff Wasserdampf Gemtschen und Eisenoxyden Berlin 1911, C C Bidwell, Phys 
Bev , (2), 10 756, 1917 , W Blitz, Nachr Goott , 293, 1908 F Bitter, Phys Bev , (2) 41 507, 

1932, L Blanc, Ann Chim Phys (10), 6 182, 1926 L Blanc and G Chaudron, Compt 
Bend , 180 289, 1925 C Bcdewig, Pogg Ann , 158 222, 1876 , E Bodin, Ann Physique, 
(10), 7 60, 1927 J Bohm, Zeit Kryst , 68 570, 1928 Zeit anorg Chem , 149 217, 1925 
H E J G du Bois, Phil Mag, (5), 29 263, 1890 Wied Ann , 39 36, 1890, S Borowik, 
Zeit Physik 11 55, 1922 N Botez and H Hertenstein, Phys Zeit , 14 332, 1913 , A K Brewer, 
Journ phys Chem , 32 1006, 1928 , T M Broderick, Econ Geol , 14 353, 1919 , G H Brodie, 
W H Jennings and A Hayes, Trans Ame? Soc Steel Treating, 10 615, 1926 , G G Brown 
and C C Furnas, Trans Amer Inst Chem Eng , 18 309, 1926 , A Brun, Arch Sciences Geneve, 
(4), 13 352, 1902 , C F Bucholz Qehlerfs Journ , 3 713, 1807 G K Burgess and P D Foote, 
Journ Washington Acad , 5 377, 1915 T W Case, Phys Bev , (2), 9 305, 1917 , G Cesaro, 
BuU Acad Bdg , (4), 5 115, 1904 , Neues Jahrb Mm , i, 11, 1907 , G Charpy and S Bonnerot, 
Compt Bend , 151 644, 1910 H le Chateher tb , 120 623, 1895 , Bull Soc Chim , (2), 47 303, 
1887 , (3), 13 648, 1895 , D P R Chaudhuri, Nature 130 891, 1932 G Chaudron, Compt 
Bend , 184 199, 1927 , G Chaudron and A Girard ib , 192 97, 1931 , R Chevalher, tb , 180 
1473, 1925 , 184 674, 1927 , J Chipman and D W Murphy, Journ Ind Eng Chem , 25 319, 

1933, S B Christy, Amer Chem Journ , 27 368, 1902, Elektrochem Zeit, 8 133* 1901, 



IRON 


825 


E D Clarke, The Gas Bloiopipe, London 85 1819 W W Coblentz Supplementary Iniesti 
gallons of Infra red Spectra Washington 15 119 1908 W W Coblentz and R Stair, Trans 
Illuminating Eng Soc, 23 1121,1928 E Colardeau Jomn Phy* , (2) 6 83 1887, A Collon 
Ann Soc Geol Belg , 21 155, 1894 Bull Soc Min , 18 161 1895 A H Compton and 
0 Rognley Phys Bet (2) 11 132 1918, K T Compton and E 4. Trousdale ib (2) 5 315 

1915 F H Constable, P?oc Boy Soc 117 A 37b 1928 W Crookeb Lompt Bend 92 

1282 1881 R Dallwitz Wegener Zeit FleJtrochem 37 25 1931, Y Damloff, G Kurdjumoff, 
E Plusehnik and T Stellezky Naturuts* 21 177, 1933, A Delesse 4nn Chim Phy? (3) 25 
194 1849 , Compt Bend 27 549 1848 28 229 1849 J A ran Deurs and P E Raaschou, 
Zeit 4.nqew Chcrh , 38 382 1925 , E Diepschlag and F W ulfestieg Journ Iron Steel Inst , 
120 n 297, 1929 G A Dima, Compt Bend 156 1366 1913, 157 591, 1913, A Ditte, ib , 
134 507 1902, K R Dmt PM Mag (7) 16 992 1933 C Doelter heues Jahrb Mtn,u, 
92 1896 Tschermak's Mitt (2), 11 319 1890 (2) 32 316, 1902 O Dopke, Thermochemtsche 
Untersuchungen der Modifiicaticmen des Kohlensioffs und seiner T erbindungen mtt dem Exsen 
Braunschweig, 1928 E Domek Sttzber Akad Wien, 119, 437, 1910, W L Dudley, Amer y 
Chem Journ , 28 61 1902 , A Dufour Compt Bend , 148 1312, 1909 , L Duparc, R Sabot 
and M Wunder, Bull Soc Mm 37 28, 1914 G Dupouy Ann Physique , (10) 15 495, 1931 , 
E D Eastman Journ Amer Chem Soc 44 976, 1922, T A Edison, German Pat , D B P 

180672 1901 , R Eisenschitz and A Reis Zeit Phystk, 36 4, 14, 1926 L Eisner Journ 

prakt Chem , (1), 99 257, 1866 S H Emmens Compt Bend 67 42 1893 , P H Emmett, 
Trans Amer Electrochem Soc , 51 207 1927 K Endell and R Rieke Centr Min 246, 1914 , 
S English, Glass, 5 338, 1928, S English, H W Howes, W E S Turner and F Winks Journ 
Glass Tech, 12 31,1928 U R Evans, ftature 120 584, 1928, J Ewles, Phil Mag (6), 45 
957, 1923 , M Faraday, Phil Trans , 136 43, 1846 , Phil Mag , (3), 14 161, 1839 , (3), 29 252 
1846 , P P FedotSeff and T N Petrenko, Zeit anorg Chem , 157 171 1926 Journ Buss 
Phys Chem Soc, 58 227, 1926, E Feytis, Compt Bend , 152 710, 1911 C G link and 
C i Mantell Eng Mm Journ , 125 325, 1928 K Fischbeck and E Einecke, Zeit anorg 
Chem , 167 28, 1927 H Fizeau, Ann Chim Phys , (4) 8 335, 1866 J A Fleming and 
J Dewar, Proc Boy Soc , 61 380 1897, C Forsterlmg, Neues Jahrb Mm B B 25 344,1907, 
H Forestier and G Chaudron, Journ Chim Phys , 22 62, 1925, Ann Chim Phys , (10), 9 
316, 1928, Compt Bend 179 763 1924 180 1264 1925, 182 777 1926, 183 787, 1926 

R Forrer ib 196 1097, 1933 , F Frankenburger, L Andruasoff and F Durr, Zeit Elektrochem 
34 635 1928 G Frebold and J Hesemann Centr Mm 314 1926 , G Frenzel, Penes Jahrb 
Mm 685, 1874 T Frey, Phys Zeit , 26 861, 1925 C C Furnas, Trans Amer Inst Chem 
Eng , 18 295 1926 B Garre, Metall Erz, 24 230 1917 G Gilbert, Econ Geol ,20 593,1925, 
22 308, 1927 , L P deSt Gilles, Compt Bend , 40 1255, 1855 , Ann Chum Phys , (3) 46 51, 
1856 , A Girard and G Chaudron Compt Bend , 193 1418 1931 , 196 406, 1933 , V H Gott- 
schalk and H A Buehler Econ Geol , 5 28, 1910 , 7 15, 1912 , A de Gramont, BvM Soc Mm , 
18 171, 1895 , Analyse spectrale dxrecte des mmSraux, Pans, 1895 , C B Greiss, PM Mag , 96 
478,1856, G Grenet, Ann Physique, ( 10), 13 263 1930 E Greuhch Zeit anorg Chem, 159 65, 
1926 , J W Gruner, Econ Geol , 21 390 1926 E Gumhch Phys Ber , 631, 1927 , F Haber, 
Naiurwiss , 13 1007, 1925 , W Hagen, Zeit KoU , 13 4 1913 F L Hahn and M Hertncb 
Ber , 56 1731, 1923 , A C Halferstein, Journ Ind Eng Chem , 22 956, 1930 W G Hankel 
Poqg Ann , 62 201, 1844 , W N Hartley and H Ramage, Journ Chem Soc , 71 533, 1897 , 
R D Harvey, Econ Ged , 23 778, 1928 J H Hassenfratz, Chtm Phys (1),68 125 1809 
R J Hauy, Ann Mus Nat Hist Paris, 3 309 1804 Phil Mag , 20 120, 1805 O Hauser, 
Ber 40 1960, 1907 P Hausknecht, Magnctochernuchc Intersuchvngen, Strassburg, 1913 
J F L Hausmann and F C Hennoi, Stud Gott Ver Berg Freunde, 4 225, 1841 , C W Heaps, 
Phys Ben (2), 37 466, 1931 C W Heaps and J Taylor, t b , (2), 34 937, 1929 J A Hedrall, 
Zeit phys Chem 123 33 1926, Zeit anorg Chem 120 327, 1922, J A HedvallandE Helm 
Jemkontorets Ann , (2), 82 265 1927 Wf Hempel and C Schubert, Zeit Elektrochem , 18 729, 
1912 , S B Hendncks and W Albrecht, Ber , 61 B 2153, 1928 , S Hennchsen, Wted Ann , 
45 54,1892 R Hermann, Journ prakt Chem ,( 1) 15 105 1838 E F Herroun and E Wilson 
Proc Phys Soc , 31 299, 1919 33 196 1921 , 41 100, 1928 J Hesemann, Du detomschen 
Eisenerze des MiMeUuxrzes, Hannover, 38 1927 K Hdd, MtU Inst Eisenforsch , 14 59, 1932 

5 Hdpert, Ber , 42 2248 2899, 4575, 4893, 1910 Ber dmt phys Ges 11 293, 1909 , Journ 

Iron Steel Inst , 82 u, 65, 1910 , S Hilpert and J Beyer Ber , 44 1608 1911 S Hilpert and 
E Kohlmeyer, ib , 42 4591, 1909, S Hilpert and A Wxlle, Zeit phys Chem, 18 B 291,1932, 
TT O Holman and Wf Mostowitsch, Trans Amer Inst Mm Eng 39 645, 1909 , 40 807, 
1909 J Hofmann, Sttzber Phys Med Soc Erlangen, 36 128, 1904, G B Hogenraad 
Versl Akad Amsterdam , 11 707, 1903 E Holm, Jemkontorets Ann (2) 58 377, 1903, 
P J Holmquist Ged Fork Stochhdm 47 142 1925 , K Honda and T Sone, Science Bep 
Tfihohu Unit 3 223, 1914 J C Hostetter and H S Roberts, Journ Amer Cer Soc , 4 927, 
1921 G F Huttig, Fortsch Chem Phystk 18 1 1924, G F HuttigandH Kittd, Zeit anorg 
Chem, 199 129 1931 J Huggett Ann Chtm Phys , (10), 11 447, 1929, J Huggett and 
G Chaudron, Compt Bend , 184 201 1927 186 694 1617, 1929 , J Huggett, H Forestier 

and G Chaudron, Chim Ind , 19 331 1929 M Ishibashi, Zeit anorg Chem , 202 372, 1931 , 
C L Jackson and J H Derby Amer Chem Journ 24 20, 1900, G Jaeckel, Glastech Ber » 

6 281 1928 F M Jager, T ersl Akad Amsterdam 15 34, 1906 Arch Sciences Genkte, (4), 22 
251, 1906 Proc Akad Amsterdam , 9 89, 1906 E Jannetaz, Compt Bend , 114 1352, 1892 



826 


INORGANIC AND THEORETICAL CHEMISTRY 


Bull Geol Soc , 6 203 1878 , Bull Soc Mtn , 15 136, 1892 F Jentzsoh, Ann Physik, (4V 
27 148, 1908 J Joly, Pror Boy Soc , 41 250, 1887 G Jouravsky, P Charczenko and 
G Choubert, Compt Rend , 197 522, 1933, H von Juptner, Beitrage zur Hochofentheorte, 
Leipzig, 1921 Bettrage zur Theorie der Eisenhuttenprozesse, Stuttgart 1907 , M Kah&nowicz, 
AUi Accad lancet (5) 30 u 133 1921 G Kalb, Centr Mm 712, 1924 A Kaufmann and 
F Haber, Ze%t Elektrochem 7 733, 1901 G W C Kaye and W F Higgins, Proc Roy Soc 
90 A, 434 1914 K K Kelley, Bull Bur Mines , 350, 1932 G A Kenngott, Ueber sicht der 
Resultate mmeralogischer Forschungen , Leipzig, 101, 1859 , G Keppeler and J d Ans, Zed 
phys Che?n 62 89, 1908 M Kimura and M Takewaki, Science Papers Phys Chem Res 
TdhoTcu, 9 59, 1928 F von Kobell, Anz Gelehrte Munchen , 30 723 1850 , J Komgsberger, 
Wied Ann 66 727, 1898 , Ann Physik , (4), 32 179, 1910 , (4), 43 1213, 1914 Phys Zeit , 

4 499 1903 Naturmss , 16 983,1928 Neues Jahrb Mm , n, 2 1906 Centr Mm , 459, 1905 
J Komgsberger and O Reichenheim, Neues Jahrb Mm , n, 24, 1906 J Komgsberger and 
K Schilling, Ann Physik (4), 32 179,1910, J Komgsberger and J Weiss ib , (4), 35 22,1911 
Phys Zett , 10 956, 1909 , E J Kohlmeyer, Met , 6 323, 1909 , 10 454, 1913 , MetaU En, 
10 447 483, 1913 , H Kopp, Liebig's Ann Suppl , 3 289 1865 , Liebig's Aim , 81 1, 1852 
Pogg Ann 86 156 1852 Ann Chim Phys (3) 34 340,1852, Phil Mag , (4), 3 269, 1852, 
Phil Trans , 155 71 1865 , H B Kosmann Zeit dent geol Ges 45 335 508 1893 A Krause 
and I Garbaczowna, Zeit anorg Chem , 211 296 1933 , A Krause and J Tulecki i b , 213 
292, 1933 , J Kruckenberg, Arkm Mat Astr Fys , 2 5, 1906 , L Kulp Earner's Report , 25 
139, 1889 , A Kundt Sitzber Akad Berlin 255 1888 , Wied Ann , 34 484, 1888 , C H Kuns 
man, Journ Phys Chem , SO 525, 1926 J Kunz Arch Sciences Geneve , (4), 23 137, 1907, 
Neues Jahrb Mtn , l 62 65, 87, 1907 Bull Nat Research Council 3 165, 1922 , N S Kurnakoff 
and E J Rode, Ann Russ Inst Phys Chem Analyse 3 305, 1926 , Zeit anorg Chem , 169 
57, 1928 , I Langmuir, Trans Amer Eledrochem Soc , 23 299, 1913 M C Lea, Amer Journ 
Science (3) 46 241, 1893 , Zeit anorg Chem , 5 332 1894 , 7 51, 1894 , C H Lees Mem 
Manchester Lit Phil Soc , 42 5 1898 , E Liebreich, Proc Intemat Congress Appl Chem , 8 
xn, 143, 1912 E Liebreich and F Spitzer, Zeit Elektrochem 19 295, 1913 , A Liversidge, 
Chem Nejos , 66 242, 1892 , Rept Australasian Assoc , 297 302, 1892 S Lona, Ann Physxlc 
(4), 38 898, 1912 Versl Akad Amsterdam 20 1099, 1912 S de Luca, Compt Rend , 35 615 
1862 , E Madelung and R Fuchs, Ann Physilc (4) 65 289, 1921 , F J Malaguti, Ann Chim 

Phys , (3) 69 214 1863 , Compt Rend , 55 350, 715, 1862 56 467, 1863 F J Malaguti 

and A Lallemand, Ann Chim Phys (3), 64 214, 1862 , (3), 69 223, 1863 , P Martin, Versl 
Akad Amsterdam 22 378, 1914, Ann Physih , (4) 55 574, 1918 , A Matsubara, Trans Amer 
Inst Mm Eng , 67 3 1922 Zeit anorg Chem , 124 39 1922 , Stahl Eisen 42 241, 1922 , 

I Maydel Zett anorg Chem , 186 289, 1930 , S Meyer, Wied Ann 69 258, 1899 , Monatsh , 

20 804, 1899 L Michel, Bull Soc Mm , 13 159, 1890 , E Mitscherlich, Pogg Ann , 15 632, 
1829 , W G Mixter, Zeit anorg Chem , 83 97 1913 92 391, 1915 Amer Journ Science , (4), 
36 55, 1913 (4) 40 23, 1915 H Moissan, Bull Soc Chim , (3), 9 957, 1893 Ann Chm 

Phys (7), 4 136 1895 Compt Rend 115 1034, 1892 T du Moncel, ib , 81 515, 1875, 

W M Mordey, Engg , 115 671, 1923 Proc Phys Soc , 40 338, 1928 , F Muck, Zeit Chem , 

(2), 4 1868, O Mugge, Nachr Qott , 318, 1911, Neues Jahrb Mm B B , 32 533, 1911, 

F E Neumann Pogg Ann , 23 1, 1831 , W H Newhouse and W H Callahan, Econ Geol , 22 
629, 1927 L F Nilson and 0 Pettersson, Ber , 13 1465, 1880 , J E Nyrop, Phys Rev , (2), 
39 967, 1932 PEW Oeberg, Oefvers Akad Forh Stockholm 428, 1885 A von Oettmgen 
Proc Met Soc South Africa 1 556 1899 , J A Osteen, Phys Rev , (2), 37 1091, 1931 , 
G S Parks and K K Kelley, Journ Phys Chem , 30 47, 1926 , F Paeehen, Wied Ann ,58 455, 
1896 O Pattenhausen, Ueber das elektromotonsche Verhalten der Etsenozyde in Kaltlauge f 
Dresden, 1914 P J Pelletier Essat sur la nature des substance s connues sous le rum de gommes 
restnes, Pans 1812 Gilbert s Ann , 46 203, 1814 , F Peters, Centr Akkumvlat , 8 165, 1907 
L B Pfeil, Journ Iron Steel Inst 123 l 237, 1931 T L Phipson, Bull Soc Chim , (2) 7 322, 
1867 J Plucker Pogg Ann , 74 321, 1848, A Pochettmo, Euovo Cimento (6), 1 21, 1911, 
Zeit Kryst , 43 412, 1907 , G I Pokrowsky, Zeit Phystk t 41 493, 1927 V Polak Zeit tech 
Phys , 8 307,1927 L V Pratis German Pat , D R P 145617, 1902, J L Proust, Journ Phys 
59 332, 1804 A Quartaroh, Qazz Chim Ital 63 279, 1933 , O C Ralston, Iron Oxide Reduc 
tion Equilibria Washington, 1929 Bull U S Bur Mines , 296, 1929 P Ramdohr, Zett Kryst 
63 144, 1925 C F Rammelsbeig, Phil Mag , 104 497, 1858 , Zett deut geol Ges + 2A 69, 
1872 , 0 P RandoU and M J Overholser Phys Rev , (2) 2 144 1913 A A Read, Chem 
N etis % 69 118, 1894 Journ Chem Soc 65 314, 1894, G Reboul Journ Phys Earf,(6), 3 
34, 1922 , G Reboul and E Bodm Compt Rend 179 38, 1924 , H V Regnault Ann Chim 
Phys (3) 1 129 1841 O Reichenheim Ueber die Elektnzitatsleitung etntger naturlichkristalhster 
Oxyde und Sulfide und des Graphite, Berlin, 1906 A Reiss and L Zimmerman, Zett phys Chem , 
102 298, 1922 , F Rmne, Neues Jahrb Mtn , i, 193, 1890 , Centr Mtn , 294 1902 , J Robbins 
Compt Rend , 49 500 1859 56 386, 1863 Chem News , 1 11, 1859 H S Roberts and 

H E Merwm Amer Journ Science , (5) 21 145 1931 E J Rode, Jowrn Russ Phys Chem 
Soc 62 1443 1453 1930 , V Rodt, Zeit anorg Chem 29 422, 1916 , H Rose Handbuch der 
aiudytischen Chemte Braunschweig 5 699 1871 Pogg Ann , 70 440 1849 74 440, 1853 , 
J Rosenthal Wied Ann 43 720, 1891 W A Roth, Arch EtsenhUUenwesen 3 339, 1929 
Stahl Etsen, 49 1763 1929, Zett angew Chem ,42 981, 1929 W A Roth and W Bertram, Zett 
Elektrochem , 35 297, 1929 W A Roth, H Umbach and P Chall, Arch EtsenhvMenwesen, 4 87, 



IKON 


827 


1930 , StaM Etsen 50 1331 1930 , R Ruer, Zeit anorg Chem 43 298, 1905 R Ruer and 
M Nakamoto Rec Trav Chim Pays Bas, 42 675 1923 A Ruttenauer, Sprech 61 449, 1928 , 
0 Ruff and O Goecke Zeit angew Chem 24 1461,1911 E Rupp and E Schmid, Naturmss , 
18 459 1930 , A S Russell Phys Zeit 13 59 1912 H Sachse, Zeit phys Chem ,9 B, 83, 
1930 Koll Zett 51 18,1932, Zeit Physik, 70 539 1931 N (durum 21 299 1933 H Sachse 
and R Haase Zett phys- Chem , 148 401, 3930 A Salmony, Tech Blatt B ochenschr deal 
Bergsuerks Ztg , 167 1928 M Sarzeau Joum Pharm Chim , (2) 37 23,1860 Chem A eus, 1 
137, 1860 F Sauerwald and G Eisner Zett Elektrochem ,31 15, 1925 F Schalch heues 
Jahrb Mm B B 4 190 1886 E Schmidt, Beihefie Gesundheitsung 20 1927 , V von 
W Scholten, Korroston Metallschutz 4 73, 1928 C Schubert Bettrage zur Kenntnis der Dtssoctu 
tion emtger Oxyde Karbonate und Sulfide Weida i Thur , 23, 1910 T J Seebeck, Ahh Akad 
Berlin, 305 1823 Pogg Ann, 6 146 1826 10 216 1827 E Selch, Zeit anal Chem , 54 457, 
1915 H de S&iarmont Compt Rend , 25 459, 1847 , A Serres, tb 188 1239, 1929 
E V Shannon Proc U S Nat Museum, 72 21 1927 A Simon and T Schmidt Roll Zett , 
36 65, 1925 , W Skey, Chem News 23 182, 1871 , J D Smith, Mem Chem Soc , 1 240, 1843 
2 25 1845 , PM Mag , (3), 23 217, 1843 (3) 24 498 1844 Ann Chim Phys (3), 10 120, 

1844 J L Smith, Chem News 31 210, 1875 Compt Rend , 80 301, 1875 Amer Chemist, 5 
356 1875 Original Researches in Mineralogy and Chemistry, Louisville, 480, 1884 , T T Smith 
Phys Rev, (2) 8 721,1916 (2), 15 345 1920 A SmitsandJ M Bijvoet, Verst Akad Amster 
dam 27 168 1919 , A A Somerville Chem Met Engg , 10 423, 1912 , R B Sosman, Joum 
Ind Eng Chem 8 985, 1916 R B Sosman and J C Hostetter, Joum Washington Acad , 5 
293,1915, Zed Elektrochem ,21 498 1915 Trans Amer Inst Mm Eng ,58 409,1917, Joum 
Amer Chem Soc 38 807 1188, 1916 , R B Sosman and E Posnjak, Joum Washington Acad 
15 329 1925 W Spring, Zeit anorg Chem , 6 176, 1894 D Starkie and E W 8 Turner, 
Jourfi Soc Glass Tech , 12 27, 306, 1928 , 15 365 1931 , A Streng, Neues Jahrb Mm , i, 205, 
1882 F Stutzer W Gross and K Bomemann Metatt Erz , 15 7, 1918, W Suida Zed 
anal Chem 17 212, 1878, Tschermak s Mitt , (1) 6 176, 1876 G Szivessy Ann Phystk, 
(4) 36 183, 1911 N A Tananaeff, Zeit anorg Chem 1E6 186 1924, H Tertsch Tscher 
mak s Mitt (2) 25 249 1896 , H Tholander Berz Hutt Jahrb , 26 128 1878 , S P Thompson, 
Lumiere Elect 22 621 1886 , E Thomson, Nature 407 520, 553 1920 G P Thomson 
Proc Roy Soc 128 A, 649, 1930 , C B Thwing, Zeit phys Chem , 14 292, 1894 , H Tiger 
sehiold, Jemkontorets Ann , (2), 78 67, 1923 I) Tommasi Ricerche svMe formde dt constdu 
zwne dei composttt ferrici Firenze, 1879 Monti Science, (4), 2 164, 1888 Les Mondes 
50 326 1879 , Chem News 40 228, 1879 Ber , 12 1929 , 2334 1888 Bull Soc Chem , 
(2), 38 152, 1882, W D Treadwell, Zett Elektrochem ,22 414,1916 WES Turner, Joum 
Soc Chem Ind 48 65, T, 1929 L H Twenhofel, Econ Getd 22 180 1927 J Tyndall and 
H Knoblauch Phil Mag , (3), 37 5, 1850 , R Ulnch, WcUny s Porsch Agnc Phys , 17 1, 1894 , 
S Veil, Ann Chim Phys , (10), 5 140, 1926 Compt Rend , 172 1405, 1921 , 176 101, 1923, 
182 1029, 1926 184 1171, 1927 186 753, 1928 W Voigt, Ann Physti (4), 22 129, 1907 , 
E R Wagner, Trans Amer Elektrochem Soc , 59 205, 1931 P A Wagner, Econ Ged , 22. 
846 1927 , P T Walden Joum Amer Chem Soc , 80 1350, 1908 , R Wallach, Compt Rend , 
159 49 1914 F Wamsler, Mitt Ferschungsarb Gdb Ing , 98, 1911 , H von Warfcenberg and 
W Gurr, Zett anorg Chem , 196 374, 1931 H Warth, Chem News 84 305, 1901 E Wart- 
mann, Mem Soc Phys Geneve, 13 199, 1854 E Wedekind and W H Albrecht Ber ,59 R, 1726, 
1926 60 B, 2239, 1927 A Wehnelt, Ann Physik, (4), 14 429, 1904 P Weiss and R Forrefr, 
tb (10), 12 279,1929, L A WeloandO Baudisch, Naturwiss , 13 752 1925 14 1006 1926 
Phil Mag , (6), 50 399 1925, Joum Biol Chem , 65 215, 1925, Chem Ztg ,49 661, 1925, 

J Westman, Arsk Untv Upsala, 5, 1896 , Bidrag ttU kannedom *m jarnglan&ens Magnetism 
Upsala 1897 , R Whytlaw Gray, J B Spe&kman and E Thomsen, Nature 107 619, 1920 
H Wicht IJeber Eisenoxyduloxyd Elektroden Stuttgart 1910 G Wiedmann Pogg Ann , 185 
221, 1868 PM Mag , (5), 4 277, 1877 H A J Wilkens and H B C Nitze, Trans Amer 
Mm Eng , 26 351, 1896 , R Willstatter, H Kraut and W Fremery Ber 57 1498 1924 
E Wilson Joum Inst Elect Eng 57 416, 1919 Proc Roy Soc , 98 A 274, 1921 G Wistrand, 
Magnitraka Succepttbxhseter hos Ewarts TeUwr, och nagm Holmtunforentgar, Uppsala, 1916, 
L Wohler, KoU Zeit , 11 241, 1912 38 97 1926 L Wohler and O Balz, Zett Elektrochem , 
27 406 1921 E A Wulfing Tschermak s Mitt (2) 15 71 1896 F Wust, Met 5 7,11 1908, 
F Wust and P Rutten, Mitt Inet Eisenforsch 5 5 1924 G Wunder, Joum prakt Chem , 
(2), 4 339 1871, T D Yenson, Phys Rev (2), 32 114, 1928 R Yoshimura, Journ Japan 

Soc Chem Ind 35 85, 87 1932 C Zenghelis, Zed phys Chem , 50 221, 1905 

18 B Aarmo Ged Kommves Geotekn Medd Helsingfors , 25, 1920 Neues Jahrb Mm , 
i, 232 1925 , H Abraham and R Planiol, Compt Rend 180 1328, 1925 J E Adaduroff and 
G K. Boreekoff Joum Russ Chem Ind 6 1365 1929 T E Adaduroff and \ P Pligunoff, 
Joum Appt Chem USSR 5 149 1932 G E Allan and J Brown, Proc Roy Soc Edm , 
33 69 1913 E T Allen, J L. Crenshaw J Johnston and E S Larsen 4wer Joum Science, 
(4), 33 169, 1912 Zeit anorg Chem , 76 215 1912 T Aloy and C Rabaut Bull Soc Chim 

(4) 19 44 1916, J d > Ans and J Loffler Sprech 64 246, 1931 Ber, 63 B 1446, 1930, 

H Arctowsky, Zett anorg Chem 6 377, 1894 E F Armstrong and T P Hilditch, Proc 
Roy Soc , 97 A 265, 1920 Bachsche Amlin und Soda Fabnk Bnt Pat No 24657, 1911 
German Pat DRP 247852 1910 256855 1911 H A BahrandV Jeesen Ber 66 B 1238 
1933, A J Balard Ann Chim Phys , (2), 32. 352, 1826 T F W Barth and E Posnjak, Joum 



828 


INORGANIC AND THEORETICAL CHEMISTRY 


W ashingion Acad 21 265, 1931 Zeit Kryst , 82 325, 1932 H Bassett and H J Taylor 
Joum Chem Soc , 99 1408 1911 , Zeit anorg Chem , 73 92, 1912 , W Baukloh and R Burrer 
Arch Eisenhvttcnue^en 4 455, 1931 Stahl Exsen 51 644 1931 E Baur and A Glassner Zeit 
phys Chem 43 354 1903 , A C Becquerel Ann Chim Phys (2), 49 131 1831 I L Bell 
Chemical Phenomena of hon Smelting London, 21 1872 A E Benton Trans Faraday Soc 
28 202, 1932 Joum Amer Chem Soc 45 887 900 1923 , A E Benton and P H Emmett 
ib , 46 2627,2728 1924 E Berger Compt Pend 174 1343 1922 H H Beiger Krupps 
Monatsh , 4 62, 1923, P Berthier, Traite des essais pax la loie seche Pans 2 186, 1834 
J J Berzelius, Ann Chim Phys (2), 5 149 1817 Gilbert s Ann , 37 296, 1811 Schueiggei s 
Joum 30 54,1820 , 42 277 1912, Leh buck der Chemie Leipzig 2 718 1856 Pogg Ann 7 
393, 1826, J Beyer Studien uber die Gleichgewichtsbedingungen zmschen Wasserstoff TI a*ser 
dampf Gemischen und Eisenoxyden, Berlin 1911 S S Bhatnagar and S L Bhatia Joum Chm 
Phys , 23 541, 1926 M Billy, Compt Rend 155 779 1912, W Blitz and H Muller Zeit 
anorg Chem , 163 257, 1927 J R Blum Die Pseudomorphosen des Mmeralreichs Stuttgart in 
233, 1852 J Bokmann Ueber die Umsetzungen zwischen dem Carbide und dem Oxyde des Emus 
Munster, 1927 W A Bone L Reeve and H L Saunders, Joum Iron Steel Inst 115 1 127 
1927, 121 l 35,1930 W A Bone and R V TV heeler, PM Trans 206 A, 1, 1906 A H de 
Bonnard, Fragments geoloqitfu.es el mineralogiques, Pans, 1819 A Bomtrager Zeit anal Chem 
35 170 1896 38 774 1899 O Boudouard Bull Soc Chim , (3) 21 463, 713, 1899 (3) 23 
140 1900, (3) 25 228,1901 (3), 26 5,1902 Compt Rend, 140 40 1905, C M Bouton, Pe^ 
Investigations U S Bur Mines 2381, 1922 TV M Bradley, Amer Joum Science (4) 26 169 
1913 I Braathwaite Chem Neus, 72 211 1895 L Brandt, Chem Ztg , 32 842,1908 40 
632 1916 E Brescius Jour n Gasbdeucht , 12 62, 1869 E Brrner and A Rivier Helvetica 
Chim Acta 12 881 1929 , 1 Bramkmann, Em Beitrag zur Reduktion von Eisenoxyd durch CO 
under besondere Berucksichtigung der Kohlenauscheidung Breslau, 1923 Stahl Eisen, 43 1336 
1923, F E Brown and W C O White, Proc Iowa Acad , 31 276,1924 A Brun, Arch Sciences 
Geneve, (6), 6 250, 1924, C F Bucholz Gehlen's Joum, 3 696 1807 4 155, 1807 Ann 

Chim Phys , (1) 65 202, 1808 Nicholson's Joum , 25 353, 1810 P P Budmkoff and 
K E Krause Roll Zeit 55 330, 1931 H L Buflt Liebig s Ann 83 375 1852 A and 
P Buisme, Compt Rend 115 52 1892 , C H Burgess and A Holt, Proc Chem Soc , 19 222, 
1903 B S Butler, Econ Geol 18 398 1923 P Camboulives, Compt Rend , 150 177 1910 
H Chandra, Ueber die Ferrofemoxyde und ihrer Derwata, Berlin 1913 G Chariot, Compt 
Rend , 194 374, 1932 G Charpy ib 137 120, 1903 G Charpy and S Bonnerot ib 150 
173, 1910 151 644, 1910 H le Chateher Bull Soc Chim (2), 47 303, 1887 , H le Chateher 
and B Bogitsch, Compt Rend , 166 767, 1918 G Chaudron, ib , 172 152, 1921 E Chauvenet 
ib , 152 89 1911 R Chenevix, Phil Trans , 92 126, 1802 , E W Clarke and E A Schneider, 
Zeit Kryst , 18 408 1891 A Classen Zeit anal Chem , 17 182, 1878 E W O de Comnck 
and A Raynaud, Bull Soc Chim (4), 9 305, 1911 R Cox Joum Gasbeleucht , 12 584 
1869, W A Damon Rept onAlkah Works, 69 25,1933, A Damour , Bull Soc Min 15 124, 
1892 , H Denneel and W Hesse, Zeit anorg Chem , 212 214, 1933 H Davy Phil Tmns , 
101 25 1811 H Debray Compt Rend , 45 1018, 1857, 88 1341 1879 M Decam&e and 
J Antheaume, %b , 196 1889 1933 A E E Degen, Liebig s Ann 29 261, 1839 E Deussen, 
Zeit angeu, Chem 813, 1905 Zed anorg Chem , 44 408, 1905 , H St C Deville Compt 
Rend ,52 1264, 1861, 70 1105, 1201, 1870, 81 30, 1871 J Dewar and H O Jones, Proc 
Roy Soc 85 A 584,1911 N R Dhar, J oum phys Chem , 35 2043 1931, H Diecke, Joum 
Gasbdeucht , 11 160 1868 E Diepschlag and E Horn, Arch Eisenhuttenwesen , 4 144, 375, 
1931 , Stahl Eisen 51 329, 1931 , V Dimbleby and W E S Turner, Joum Soc Glass Tech , 
12 52, 1928 B Dirks, German Pat , DR P 301791 1917 M Dittncb, Zeit anoig Chem 83 
31, 1913, C Doelter, TschermaUs Mitt, (2), 11 319 1890 E Donath, Chem Ztg , 40 579 
1916 , A Dubom, Compt Rend 185 416 1927 E P Dunmngton, Joum Anal Chem , 2 
390 1888 L Duparc R Sabot and W Wunder, Bull Soc Mm , 37 29, 1924 , J Eckell 
Zeit Elehtrochem , 39 807, 855, 1933, H von Eckermann, Geol For Forh 45 465 1923 
P H Emmett Trans Amer Electrochem Soc , 51 209, 1927 , P H Emmett and K S Love 
Joum phys Chem 34 41, 1930 C J Engelder and M Blumer Joum. Phys Chem , 36 
1353 1932 , C J Engelder and L E Miller tb 36 1345, 1932 , S English, H W Howes, 
WES Turner and E Winks, Joum Soc Glass Tech , 12 31, 1928 , E Ephraim, Zeit anorg 
Ch&m, , 44 193 1905 , O L Erdma n n, Joum prakt Chem , (1), 81 180 1860 , E Erlenmeyer 
and O Heinrich, Liebig’s Ann , 194 188, 1878 T C Estelle, Brit Pat No 159906, 1921 
U R Evans, Joum Chem Soc , 1038, 1927 E von Eederoff and S N Nikitin, Zeit Kryst 34 
699, 1901 A C Eieldner and A L Eeild, Joum Ind Eng Chem , 7 746, 1915 C G Fmk 
and C L Mantel, Eng Min Joum , 124 371, l f 7, H G Fisk and W J McCaughey, Bull 
Ohio XJmv Exp Station 70 1932 , H Eleissner and F Duftschmid, Berg Hutt Jahrb Montan 
Lecoen 74 42 1926 H Forestier and G Chaudron, Compt Rend, 180 1264,1925, G J Fowler 
Chem Soc 57 278,1890 L Franck, Chem Ztg 22 236,1898, H Franz 
Ueber die Reduction von Eisenoxyd mit KohLenoxyd be i Gegenwart von Calciumoxyd oder Aluminium, 
Munster 1930 A Erenzel Miner alogisches Lexicon fur das Komgreich Sachsen, Leipzig 
it?! 9 H 5 Eresemus Aidedung zur quantitatnen chemisohen Analyse, Braunschweig, 1, 

X JU 8 Z 5, S JreTmdijcli, O Enshn and G Lmdau, KoU Beihefte, 37 242, 1933, B Garre, 
MetoUErz^A 230 1917 A Gautier, Cornet Pend, 143 7,1906, A Gautier and P Clausmann, 
BuU Soc Chim (4) 7 882 1910 Compt Rend 151 16 355, 1910 J L Gay Lussac, Ann 


IRON 


829 


Chtm Phys, (2), 22 415,1823 (3), 17 221,1846 J L Gay Lussac and L J Thenard , Recherches 
phystco chimiques, Pans, 1 268 1811 L Gedel Journ Gasbeleucht 48 400 432 1905, Moiut 
Science (4) 20 125 1906 Studien uber Schuefeleisen mtt besonder Berucksicktigu ng der Schwefd 
uasursioff Reimgung dee Lenschtsgases Karlsruhe 1905 , Gelsenkirchener Bergwerks, German 
Pat ,DRP 421462, 1924 F Glaser, Zeit anorg Chem , 36 1, 1903 F Gobel, Journ praU 
Chem (1) 6 386 1835 F A Gooch and F S Havens Amer Journ Science (4) 7 370 1899 
Zeit anorg Chem , 21 21, 1899 G Gore, Journ Chem Soc 22 393, 1869 H Graeger, Arch 
Pharm,( 2), 111 124 1862 T Grandjean, Jahrb Ver Is at Nassau 7 222 1851 G Grattarola 
Bol Com Geol Ital 7 323 1876 C A Graumann Met 4 69 1907 J W Gruner, 
Econ Ged , 17 408, 1922, F Haber Zeit Eleltrockem , 7 215, 724, 1901 L Hackspill and 
R Grandadam, Compt Rend , 180 930 1925 F Hahn, Das Vernhalien ion Eisen und Eisenoxyd 
gegen stromende Mtschungen ion KoMenoxyd und Kohlendtoxyd , Munster, 1923 Stahl Eisen, 44 
77, 1924 A C Halferdahl, Jouin Ind Eng Chem , 22 956 1930 R D Hall, Journ Amer 
Chem Soc , 26 1244, 1904 , F Halla, Monatsh , 184 421, 1929 W Haller, Kdl Zeit , 46 366, 

1928 D L Ha m micL, Journ Chem Soc , 111 379 1917 N J Harrar Econ Ged 24 50 

1929 N J Harrar and FEE Germann, Journ phys Chem 35 1666 1931 , 36 689, 1932 

O Hauser, Ber 40 1958, 2090, 1907 S Hauser Leber Reduction einiger MetaUoxyde durch 
Gase Strassburg 1907 E S Hedges Journ Chem Soc , 972, 1928, J A Hedvall, Zeit 
anorg Chem 121 222, 1922 J A Hedvall and P Sjoman, SiensJe Kern Tids , 42 41, 1930 
Zeit Elektrochem , 37 130, 1931 J A Hedvall and N von Zveigbergk, Zeit anorg Chem , 
108 119, 1919 W Hesse, Emuirlung ion Sulphurylchlond auf MetaUoxyde Munster 1931 
W O Hichok Econ Ged , 26 898, 1931 K Hilgenstock, Der Schuefel tn Eisen , Erlangen, 1893 , 
S Hilpert, Ber , 42 4757, 4893, 1909 S Hilpert and T Dieckmann, ib , 48 1281, 1915 , S Hil 
pert and E Kohlmeyer, tb , 42 4593> 1909 , R C van Hise, A Treatise on Metamorphtsm 
Washington 229, 1904 W R E Hodgkinson and F K S Lowndes Chem Neus 58 309, 1888 
59 63, 1889 K Hofmann, Zeit angew Chem , 38 715 1925 , Trans Amer Electrochem Soc 
51 323, 1927 K A Hofmann and K Hoschele, Ber 48 27, 1915 , H Hollmgs and 
R H Griffiths, Nature 129 834, 1932 W Ipateeff and W Werchowsky Journ Russ Phys 
Chem Soc , 41 781 1909 , K Iwase and M Fukushima, Science Rep T6hohi Umv 22 301, 
1933 , S Izawa Journ Soc Chem Ind Japan , 36 43, 1933 , L Jacque, Compt Rend 188 
917, 1929 C W Johnson, Bnt Pat No 17266, 1898 , 24748, 1899 , J H Jones J C King 
and F S Smnatt, The Reactivity of Coke London, 1930 M Z JovitschitBch, Monatsh , 33 18, 
1912 L Kahlenberg and H W Hilly er, Amer Chem Journ, 16 101, 1894, L Kahlenberg 
arid W J Trautmann, Trans Amer Electrochem Soc , 39 377 1921 H Kamura, Journ Iron 
Steel Inst , 112 n, 1925, Trans Amer Inst Mm Eng ,71 549 1925 W KangroandR Flugge, 
Zeit Elektrochem , 35 189, 1929 C J B Kars ten, Handbuch der Eisenhuttenlunde, Berlin, 1 
556 1841 , F Kaufmann, Zeit Elektrochem 7 733 1901 G Keppeler, Zeit angeu Chem , 21 
579 1908 G Keppeler, J d’Ans, I Sundell and F Kiesser, ib 21 532, 577, 1908 
M O Kharmadaryan and G V Marchenko Journ App Chem USSR, 5 350, 1932 , H Kittel 
and G F Huttig Zeit anorg Chem , 212 209, 1933 J Kleffner and E J Kohlmeyer, MetaU 
Erz 29 189, 1932, F Korber and H H Meyer Arch Eisenhuttenicesen, 6 173 1932 E J Kohl 
meyer, MetaU Erz , 1 447 1913 Met , 6 323, 1909 , C Kroger Zeit anorg Chem , 205 369, 
1932 J Krutwig, Rec Trav Chtm Pays Bas, 16 173, 1897 A H Kuechler Journ Amer 
Cer Soc, 9 104 1926 F Kuhlmann, Dingier s Journ , 155 31, 1860 Compt Rend, 49 257, 
428 1859 , 52 1169,1861, A Kutzelmgg, Ber , 63 B 1753 1930, S G Lanky, Econ Ged, 26 
485 1931 , O O Laudig, Trans Amer Inst Miv Eng , 26 269, 1896 A Lavemr Bull Soc 
Mm, 12 50,1889, W A Lazier and H Adkins, Journ Phys Chem, 30 353,1926 C Lef&vie, 
Compt Rend , 111 36, 1890 , V Lepiarczyk, Journ Iron Steel Inst 6 415, 1909 F Leplay 
and A Laurent Ann Chtm Phys , (2) 65 404, 1837 , F Leteur Ann Chim Anal , (2), 3 16, 
1921 , J von Liebig, Liebig s Ann , 41 290, 1842 G Lunge and G P Polhtt Zeit angew 
Chem , 15 1105, 1902 G Lunge and K Reinhardt, tb 17 1041, 1904 L V Lyutin, Journ 
Phys Chem U S S R , 4 299, 1933 , C M McDowell and F L Usher, Proc Roy Soc , 131 A, 564, 
1931 W M MacIntyre and W M Shaw, Soil Science, 19 125, 1925 , G Magnus, Pogg Ann , 3 
81, 1826 , 6 509, 1826 , A Mailfert, Compt Rend 94 860, 1186, 1882 E Mallet and P A Guye, 
Journ Chtm Phys ,4 222,1906 H Mangon , Compt Rend , 49 315,1859 C L Mantell , Trans 
Amer Electrochem Soc , 51 373, 1927 F Marguentte, Compt Rend , 59 139, 1864 , 
L Mathesms, Stdhl Eisen, 34 866, 1914 , Studie uber die Reduzierbarkeit von Etsenerzen tn 
stromenden Gazen, Berlin, 1913 S Matsui, Journ Japan Soc Chem Ind , 30 91, 180, 1927 
31 706, 1928 S Matsui and K Bito, tb , 34 149, 1931 S Matsui and K Hayashi tb , 30 
28, 95, 158, 633, 1927 , S Matsui and S Nakato, ib , 32 79, 1929 , S Matsui and T Sakamaki, 
tb 30 29 1927, C Mazzetti and F de Carh, Attt Accad Ltncet (5) 33 i,515 1924 W Mecklen 
berg and V Rodt, Monatsh ,102 130, 1918 G Melczer, Zeit Kryst , 37 581, 1903 , J W Mellor 
Trans Cer Soc 13 12, 1913 , H H Meyer, Mitt Inst Etsenforsch Dusseldorf, 12 1, 1930 , 
O Meyer and W Eilender, Stahl Eisen , 51 294, 1931 Arch Eisenhuttenuesen, 4 357, 1931 , 
H A Miers, Mm Mag , 11 270, 1897 J Milbauer, Proc Intemat Congress Appl Chem , 8 
u, 183, 1912 Zeit anorg Chem , 42 446, 1904 , Chem Ztg , 40 587, 1916 E J Mills and 
G Donald, J oum Chem Soc, 41 18, 1882 S Mita , Journ Perrons Met Japan, 31 1067,1929, 
A Mitscherhch, Journ prait Chem , (1) 81 108, 1860 , E Mitscherhch, Pogg Ann , 15 631, 
1829 H Moissan, Ann Chtm Phys , (5) 21 199, 1880 (6), 24 260, 1891 , Compt Rend 84 

1296, 1877 , 114 620, 1892 , Sur Its oxydes metaUtques de lafamtlle dufer. Pans, 1880 , Ann 



830 


INORGANIC AND THEORETICAL CHEMISTRY 


Chim Pkarm , (5), 21 199 1876 T B Mcryei, Jouin Amer Chem Soc , 18 1040, 1896 
W Muller Erzbach, Deut hid Ztg 6 160 1870 ft ud Un , 25 370 1885 Bn , 18 3239 
1885, Pogg Ann ,122 139 1864 136 51 I860, 144 609 1872 M M P Muir Journ Chin 
Soc ,37 428 1880 W Naas e, Schweigger 6 Journ ,46 73 1826 B Neumann Zeit Elektrochem 
35 43 1929 B Neumann and E Goebel Zeit Elektrochem 39 352 672 1933 P Nicolardot 
Ann Chim Phys , (8) 6 334 1905 ^ Nikitin Zeit anorg Chem , 155 358 1926 H Nishi 

mura, Suiyokai Shi 7 69, 1932 H B North and A M Hagemann, Journ 4 mer Chm Soc 35 
352 1913 J Parry Chm Newt 27 313 1873 Journ Iron Steel Inst 5 u, 251 1872 
L Passermi, Gazz Chim ltd , 60 544 1930 62 85 1932 L Pauling and M I) Shappel Zeit 
Kryst 75 128, 1930 J N Pearce and A M Alvarado, Journ Phys Chm , 29 256 1929 
T G Pearson and P L Robinson Journ Chem Soc , 814 1928 S L PenfieldandH M Foote 
Amer Journ Science, (4), 4 105,1897 J Percy Metallurgy — Iron and Steel, London 1 16 1864 
G Premier, Zeit phys Chm , 47 385 1904 T N Pnng Journ Chm Soc 87 1537 1905 
J L Proust Journ Phys 59 94, 1802 Gilbert s Ann 25 116, 1807 R Pumpelly Rep Ged 
Sur Missouri 72 1873 , H Quantm Compt Rend 104 223, 1887 , A Quartaroli, Gazz Chm 
ltd, to 619 1925 M Rakusm Journ Russ Phys Chm Soc, 48 95,1916 P Ramdohr Zeit 
Kryst , 63 162, 1925 Beobachtungen an Magnet it, llmenit, Eisenglanz und Ueberlegierungen uber 
das System FeO Fefi^ Ti0 2 , Stuttgart 1906 NeuesJahrb Mtn B B 54 320 1926 G Rauter 
Liebig * Ann , 270 255 1892 W L Ray, Journ Amer Chm Soc 45 2094 1923 E Reichardt 
and T P Blumtntt, Journ praJct Chm, (1) 98 476, 1866 F H Rhodes C R Burr and 
P A Webster Journ Ind Eng Chm , 16 960, 1924 T W and W T Richards Proc Xut 
Acad , 9 379 1923 H S Roberts and H F Merwin, Amer Journ Science (5) 21 145 1931 
E Rohm Compt Rend , 49 500 1859 E J Rode, Journ Russ Phys Chm Soc , 62 1453 1930, 
V Rodt, Monatsh , 102 130 1918, A W F Rogstadius Om quafvejem, Uppsala 1860, Journ 
prakt Chem 307 1862 P Rohland , Zeit and Chm,\% 629,1909 H Rose , Handbuch 

der andyhschn Chmie, Berlin, 80, 1833 M Rosenfeld, Journ Amer Chem Soc 23 3147 1890 
E Rosenkranz, Chim Ind 755, 1933 J Roth Allgemeine und chmische Geologie Berlin 1 
221, 1879 , W A Roth, Stahl Eisen, 50 1331 1930 , R Ruer and J Kuschmann Zeit anorg 
Chm , 153 69 1926 154 77 1926 , 173 233, 1928 , 0 Ruff Ber , 34 3417, 1901 O Ruff 

and A Riebeth, Zeit anorg Chm , 173 373 1928 , P Sabatier and J B Senderens, Compt 
Rend, 114 1477,1892 Ann Chim Phys (7) 7 355 1896, H Saito, Science Rep Tdhohi Umv , 
16 186, 1927 , L A Sayce, Journ Chm Soc 2002, 1928 , U Sborgi and E Gagliardo Ann 
Chim Apphc , 14 116, 1924, U Sborgi and A G Nasini, Gazz Chim ltd, 52 l, 380, 1922, 
C W Scheeie Svenska Akad Hand 33 120, 1771 , F E C Scheffer, Proc Akad Amsterdam, 
19 636 1917 , R Schenck, Zeit anorg Chm 167 285, 1927 , 208 255, 1932 , Stahl Eisen 46 
665 1926 R Schenck, H Franz and A Laymann Zeit anorg Chm , 206 129, 1932 , R Schenk, 
and W Heller, Ber , 38 3132 1905 , R Schenck, H Semiller and V Flacke tb , 40 1704, 1907 
R Schenck and F Zimmermann<r6 36 1243 1903, A Scheurer Kestner, Compt Rend , 99 876, 
1884 , G Schikorr, Zeit Elektrochem 35 62, 65, 1929 F C Schlagdenhauffen Journ Pharm. 
Chim (3), 34 176, 1858 H Schulze Journ prakt Chm (2), 21 416,1880, H Semiller, Die 
Redulctumsprozesse xm Eisenhochofen Marburg 1906 H deSenarmont Ann Chim Phys (3), 30 
145 1850 , M. Siewert, Zeit Ges Naturwiss , 21 1 1864 A Simon Oesterr Chm Ztg , 28 195, 
1925 , A Smits, Rec Trav Chim Pays Bas 15 137 1896 , A Smits and J M Bijvoet, Proc 
Akad Amsterdam, 21 386, 1918 J A Sokoloff, Stahl Eisen , 33 1947, 1913 , R B Sosman and 
J C Hostetter, Journ Washington Acad ,5 293,1915, Journ Amer Chm Soc, 38 807, 1188, 
1916 V Spitzm, Zeit anorg Chem 189 337, 1930 , K F Stahl, Zeit angew Chm , 9 229, 
1896 K Stammer Pogg Ann , 82 136, 1851, L Storch, Zeit angew Chm , 6 542, 1893, 
Ber Oesterr Ges Chem Ind , 15 9 1893 F Stromeyer, Pogg Ann , 6 471 1826 I> Talmud 
and N M Lubman, Kdl Zeit , 50 159 1930 G Tammann, Zeit anorg Chem , 114 151, 1920 , 
G Tammann and G Batz, ib 151 129 1926, G Tammann and H Raising ib 149 73,1925, 
G Tammann and W Rosenthal ib , 156 21, 1926 G Tammann and A Sworykm ib , 170 62, 
1928 , G Tammann and F Westerhold, ib , 149 35, 1925 , N A Tananaeff, ib , 136 187, 1924 
H S Taylor and R M Burns, Journ Amer Chem Soc , 43 1276, 1921 G B Taylor and 
G A Hulett, Journ Phys Chm , 17 565, 1913 , G B Taylor and H W Starkweather, Journ, 
Amer Chm Soc , 52 2314 1930 R Thenard Compt Rend , 49 289, 1859 , M Tigerschiold, 
Jernixmtorets Ann (2), 78 67, 1923 , F S Tritton and D Hanson Journ Iron Steel Inst , 110 
n, 90, 1924 H Tropsch. and W Krorug Fischer's Gesammelte Abhand Kohle , 7 46, 1925 
H Tropsch and A von Philippovich Abh Kenntnis Kohle, 7 44, 1925 G Tschermak, Siteber 
Akad Wien 49 340, 1854 J Tschermak, German Pat ,DRP 89694, 1896 D Turner, Trans 
Faraday Soc 27 112, 1931 , Trans Cer Soc , 33 1 1934 E UUmann, Zeit Phystk, 41 301, 
1927 E Vigouroux Compt Rend 120 367 1161, 1895 *138. 1168, 1904, Le siltaum et 
les sdtctwres metdUgues Pans, 1896 , Ann Chm Phys , (7), 12 5, 1897 , P Villard, Compt 
Rend , 193 681 1931 H A von Vogel Kastner's Arch . , 23 85, 1832 , E Vollgold, Ueber 
die Reduction dee Mothmsenstems Gottingen 1869 , P A Wagner, Econ Ged , 22 846, 1927 , 
Mem Ged Sur South Africa , 26, 1928 H W Walker, Journ Phys Chem, 31 978, 1927, 
T L Walker, Ged Studies, Untv Toronto, 29, 1930, H N Warren, Chm News, to 287 1892, 
H. von Wartenberg and W Gtur, Zeit anorg Chm , 196 374, 1931 H von Wartenberg and 
3BL J Reusch ib, 207 1, 1932, H Warth, Chm News, 84 305, 1901 R Wasmuht, Zed 
angew Chm ., 43 98,1930, R Weber , Pogg Ann, 107 382,1859, 112 619,1861, H Wedding, 
AusfQhrlichs Handbuch der Eisenhu Uenkunde , Braunschweig 1 429, 1896 , H Wedding and 



IRON 


831 


T Fischer Stahl Eisen, 23 798 1903, E W emsc henk Zeit Kryst 17 488, 1890 Q Weyman, 
Journ Soc Chem Ind , 37 333 T, 1918, J H W hiteley and A b Hallimond, Joum bon Sled 
Inst , 100 li, 159, 1919 , H Willeke, Ueber die Beduktton das Eisenoxyds mit Aohlenoxyd bti 
Gegenioaft ton Ztnloxyd, Manganoxydvl und der Berylliumoxyd, Munster, 1927 E J B W iliev 
Joum Soc Chem Ind , 43 269, T, 1924, C E Williams, E P Barrett and B M Larsen Bull 
US Bur Mines, 270, 1927 J C Witt, Joum Amer Chem Soc ,43 734 1921, F Wohler and 
F Mahla, Liebigs Ann , 81 256,1852 L Wohler and 0 Balz Ztxl hlektrochem 27 418,1921 
L Wohler and R Gunther, Zett Elektrochem 29 282 1923 L Wohler, F Martin and 
E Schmidt, Zeit anorg Chem ,127 273, 1923 H Wolblmg, Stahl Eisen, 31 1273 1911 Zett 
prdkt Gfeol 20 131, 1912 P E Wretblad, Zeit anorg Chem 189 329, 1930 C R A Wright 
and A P Luff, Joum Chem Soc, 33 1,504,1878, L T W right Journ Chem Soc 48 156, 

1883 F Wust and P Rutten, Mitt Inst Eisenforsck 5 5 1924 >* \ \a]nik and 

F C Trehana, Joum (Shim Phys , 28 517 1931 , W P \ant and 0 O Hawk, Joum Amer 
Chem Soc ,49 1454,1927 V S Yatloff, Joum Buss Chem Ind, 6 1020 1929 R \ oshimura, 
Chem Neus 143 267 1931 144 314 315 1932, Joum Soc Chem Ind ,34 271 1931 Joum 

Japan Chem Soc, 36 48, 282,306 1933 W Zachariasen, Zeit Aryst ,67 4o5 1928 E Zalrasky, 

Centr Mm , 648, 1902 


§ 31 Hydrated Feme Oxide— Hydrosol 

If a soln of ferric chloride be treated with hydrated ferric oxide, added in small 
quantities at a time, or if ammonium carbonate he gradually added to feme chloride, 
so long as the precipitated oxide continues to he re dissolved on stirring, a brownish- 
red soln of feme hydroxide is produced These soln were investigated by 
J M Ordway, 1 J Jeannel, A Bechamp, and A Scheurer Kestner The rate of 
dissolution of the hydrated oxide is slow , and if the digestion in the cold is continued 
for a long time, the hydrated oxide dissolves until about 18 eq have passed into 
soln m 5 months Feme salts of the monobasic acids — eg hydrochloric and 
mtnc acids — serve for preparing such soln , but salts of the polybasic acids — e g 
sulphuric acid — give insoluble basic salts 

According to T Graham, the red liquid is a colloidal solution of hydrated feme 
oxide , and the hydrosol can be freed from the excess of the peptizing feme chloride 
by dialysis The dialyzed hydrosol is clear, and deep reddish brown m colour , and 
after 19 days’ dialysis, contained 1 5 per cent of hydrochloric acid, or 1 eq of 
acid to 30 3 eq of feme oxide The sol remained liquid for 20 days, and then 
spontaneously flocculated to form the hydrogeL A hydrosol prepared in this way 
is sometimes called Graham's solution , or dialyzed iron There are various 
pharmaceutical preparations which are essentially hvdrosols of hydrated feme 
oxide — e g liquor fern oxycJdorati dtalysati, ferrum oxydatum dudysaium hqmdum, 
and solutio fern hydrati oxydah collotdahs E Hennjean and W Kopaczewsky 
discussed the presence of the hydrosol m mineral waters 

The hydrosol of hydrated feme oxide was also prepared by T Graham by the 
dialysis of cold soln of feme acetate , and after 18 days’ dialysis, about one half 
the iron was lost by diffusion and there remained a red liquid m which 1 part of 
acetic acid was associated with 15 to 16 parts of feme oxide R Fabre and 
H Penau found that the speed of hydrolysis is greatly increased by agitating the 
dialyzing liquid by a current of air or inert gaa L P de St Gilles prepared a 
colloidal soln of feme oxide by the continued boili n g of a soln of feme acetate , 
the reddish-brown colour of the acetate becomes brick-red as the boiling continues, 
and the peculiar taste of feme salts gives way to that of acetic acid The colloid 
appears turbid or opalescent m reflected light, and clear m transmitted light The 
brown ochreous precipitate obtained when the hydro sol is treated with a trace of 
sulphuric acid or of an alkaline salt, unlike ordinary hydrated feme oxide, is 
relatively insoluble m the more cone acids , and when the soln is poured into 
hydrochloric acid, the finely divided, granular, brick red precipitate is in many 
respects unlike ordinary hydrated feme oxide It was accordingly called meta - 
feme oxide , by analogy with meta-alumma (5 33, 11) To distinguish this colloidal 
soln from those soln with the properties of Graham s hydrosol, it is sometimes 
called St Ghttes ’ sol The hydrosol was also prepared from soln of feme chlonde 
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by J G Ufer E Hatschek, J M van Bemmelen, F W C Krecke, H B Weiser, 
and G H Ayres and C H Sorum H Neuratb and W Pauli discussed the con 
ditions to obtain a product of a high degree of purity 

C F Schonbein, S Hausmann, F Beilstem and R Luther, and E A Schneider 
observed that when an a<j soln of feme nitrate is boiled, a blood-red, colloidal soln 
of feme oxide is formed A Scheurer Kestner obtained it by allowing an ac[ soln of 
the nitrate to stand for a long tune, or by heating in a sealed tube, on a water bath, 
a soln of the basic nitrate If C Krecke prepared Graham’s sol by the hydrolysis 
of ferric nitrate soln without dialysis , A Scheurer Kestner, and R Wintgen 
obtained it by dialysis of the nitrate soln T Cohen suggested introducing a metal 
like copper filings, or zinc dust, to take up the nitric acid liberated dunng the 
hydrolysis of the ferric nitrate R Wintgen estimated that the dialyzed soln 
contains less than 0 002 per cent of feme oxide G Almkvist found that the 
solubility of feme hydroxide is 1 4 X 10-0 mol per litre at 20° 

H Debray ob taine d the hydrosol by warming an aq soln of feme chloride to 
70°, and then dialyzing the product F W C Krecke observed that the cone of 
the sol so prepared depends on the temp and duration of the heating, and he 
recommended slowly dropping one ac of a 32 per cent soln of feme chloride into a 
litre of bo ding water C H Sorum dropped 40 c c of a molar soln of feme chloride 
into 5 litres of boiling water and diahzed the hot liquid The sol so prepared is 
clear, deep wine-red, almost free from chloride, and it contains 2 07 to 3 60 grins 
of iron per litre , only very dil soln are stable The hydrosol was also prepared 
by J M van Bemmelen, A P Buntin, E Deiss and G Schikorr, A Janek and 
B Jirgensons, B Kunlofi,M Neidle,A W Thomas and J D Garard.andJ G Ufer 
K Ruegg reco mm ended removing the acid from the aq soln of ferric chloride 
by the addition of hydrated alumina J Tnbot and H Chretien said that the 
chloride which always persists m the hydrosol prepared by the dialysis of a soln 
of hydrated feme oxide in feme chloride can be removed by electrodialysis in 
which the colloidal soln containing the cathode is placed in the inner cell of the 
dialyzer, and the anode m the outer vessel containing the water which is frequently 
renewed 

* H Freundlicb and S Wosnessensky, and H Freundlich and S Loebmann 
obtained the hydrosol by the hydrolysis of iron carbonyl , E Grimaux, P A Thies- 
sen and O Koiner, and 0 Komer, by pouring an alcoholic soln of ferric ethylate, 
Fe{OC 2 H 6 ) 3 , m water— Gnmaux's sol , P A Thiessen and O Komer, by 
hydrolyzing feme ethylate, and F W 0 de Cornnck, by adding salicylic acid to 
a soln of feme acetate, and keeping the mixture some months 

N N Gavnloff found that the oxidation of a soln of ferrous hydrocarbonate 
by air, yields only a precipitate of hydrated feme oxide which is not peptized by 
gms^n amounts of hydrochloric acid or of feme chloride , but with larger proportions 
of feme chloride, the hydrosol of feme oxide is formed solely from the added feme 
chloride Hydrogen dioxide gives a white precipitate with ferrous hydrocarbonate, 
but in the presence of feme chloride or hydrochloric acid a colloidal soln of feme 
hydroxide is rapidly formed G Stadmkofi and co-workers, and V Brunig also 
oxidized ferrous hydrocarbonate by hypochlorites, chlorine, or chlorine water 
The minimum amount of ferric chloride necessary for peptization m the oxidation 
of ferrous hydrocarbonate is about 7 per cent of the total iron G Stadmkoff and 
N N Gavnloff found that the hydrosol of feme oxide for use as a coagulator m 
the drying of peat can be prepared by the oxidation of solutions of ferrous hydro 
carbonate by means of chlorine water or hypochlorous acid The necessary cone 
(0 04 per cent of ferrous iron) can be obtained on a commercial scale by the treat- 
ment of iron turnings with water and a current of flue gas 

M Neidle and J N Crombie obtained the hydrosol by oxidizing ferrous chlonde 
in the cold with potassium permanganate and dialyzing, M Neidle, and 
F L Browne, by oxidizing ferrous chlonde with hydrogen dioxide and dialyzing 
the hot soln The dispersed soln of iron spluttered from the electnc arc with iron 
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electrodes, under water, as indicated by T Svedberg, A Schmauss, E F Burton, 
and A Wander, is probably a hydrosol o£ hy drated feme oxide 

A W Dumansky and Z P Chescheva obtained a mixed ferrous and feme 
hydrosol by the electrolysis of a soln of feme chloride, using a platinum cathode, 
and an anode of iron amalgam , and also by shaking iron amalgam with a soln of 
potassium hydroxide containing some mannitol, and hydrogen dioxide 

As indicated above, freshh precipitated and washed hydrated feme oxide is 
peptized by a soln of feme chloride and the hydrosol can, therefore, be obtained 
by ( 1 ) partial precipitation of a soln of feme chloride b\ ammonia, etc , and 
agitating the mixture , or ( 11 ) adding the hydrated oxide directh to a soln of feme 
chloride, as was done by A Bechamp, F L Browne, R Fabre and H Penau, 
B Szilard, T Graham, J Jeannel, A Muller, J G Oberhard, N Pappada, 
H Picton and E Linder, A Scheurer-Kestner, 0 Schmatolla, and A W Thomas 
and A Frieden T Graham obtained the hydrosol by a process equivalent to the 
peptization of the hydrogel, for he gradually added ammonium carbonate to a soln 
of feme chloride as long as the precipitate dissolved when the liquid was stirred 
The liquid was then dialyzed The process was also employed by F L Browne 
and J H Mathews, A W Dumansky, F L Browne, and J G Ufer W Wobbe, 
H Schweikert, A W Thomas and co-workers, and T L Wright obtained the 
hydrosol by adding aq ammonia to a soln of feme chloride so long as the precipitate 
re-dissolves on stirring The clear, dark brown soln so obtained scarcely tastes of 
iron It is evaporated until it contains 3 5 per cent of iron, and has a sp gr 1 05 
The last traces of chlorine cannot be removed by dialysis, and the product still 
contains 0 75 per cent of feme chloride, but it is free from ammonium salts 
G D Kratz added that this process does not give a cone soln of the colloid, but it 
avoids the necessity of washing and dialyzing a gelatinous precipitate The process 
is best conducted by pouring a 10 per cent soln of feme chloride into a large excess 
of cone ammonia, the colloidal feme oxide produced is coagulated by the ammonium 
chloride On evaporating to dryness and washing with water, the ammonium 
chloride is first washed out, and then the feme oxide deflocculates and passes 
through the filter-paper as a dark or bright red colloidal soln If the original 
precipitate is left for some time in contact with its ammomacal mother-liquor, 
spontaneous changes occur, so that after evaporation it is found to be insoluble 
M Neidle and J Barab obtained the hydrosol by the hot dialysis of a soln of feme 
chloride to which was added enough aq ammoma to react with 60 per cent of the 
salt R Bradfield recommended removing the excess of precipitating agent by 
washing the precipitate m a centrifuge making 32,500 revs per mm The main 
advantages are (i) the removal of the electrolytes formed on precipitation is more 
complete , (u) the addition of a peptizing agent and its consequent incomplete 
removal by either prolonged boiling or dialysis is unnecessary , (m) sols of a more 
uniform degree of dispersion can be prepared, since particles of similar size and of 
similar degrees of hydration are deposited m the same zone of the centrifuge bowl , 
(iv) sols of any desired cone , from a semi-gel to the merest trace, can be prepared 
by the addition of water to the more oonc form, and all cone are very stable 
A Muller made the hydrosol by using 052V-KOH as precipitating agent m 
place of ammonia , and A W Dumansky and co-workers employed various car- 
bonates, oxides, or hydroxides According to H Picton and E lander, when the 
hydrogel of hydrated feme oxide is precipitated by univalent anions it is much 
more readily peptized by washing with water than is the case with polyvalent amons 
P Schmidt used 005 per cent nitnc acid, or 0 067 per cent hydrochloric acid as 
peptizing agent A von Buzagh observed that the quantity of peptizing agent — 
feme chloride, hydrochloric acid, or sodium oleate — required for the peptization 
of the hydrogel of feme oxide is dependent on the quantity of gel, which is taken 
to mean that the peptization is dependent on an anterior adsorption C H Sorum, 
Wo Ostwald and W Rodiger discussed the peptization with hydrochloric acid, 
and A M Belousoff and co workers, by copper and silver salts A W Thomas 
vol xni 3 h 
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uid 4 Freiden ami A J Rabmowitsch and V 4 Kargm attributed the stability 
of the ordinary In drosol to the presence of adsorbed ferric chloride The subject 
w as discussed by W D Bancroft, W von Neuenstem, S Liepatoff, and Wo Ostwald 
The peptization of the hydrogel by glycerol, sugar, and other hydroxyhc 
organic compounds m ilkalme soln was studied by H J Babel, N G Chat^ru 
md N R Dhar, H W Fischer, P Goldschmidt and co workers, T Graham 
E Gnmaux, C Mannicli and C A Rojahn, A W DumanskyandL G Krapivina 
M R Mehrotra and K C Sen, A Muller, J Pub, H Rose, C Gropengiesfier 
K 0 Sen and N R Dhar, and K C Sen The peptization of the hydrogel by 
acetic acid was studied by A F G Cadenhead and W H Vmmg, and H B Weisex* 
b> arsenious acid, by A Boutaric and G Perreau, E Gnmaux, M R Mehrotra and 
K C Sen, and by K C Sen and co-workers , and A Fodor and A Reifenberg 
by silicic acid A T Rabmowitsch and V 4 Kargin studied the behaviour of the 
icid soln on dilution 

Colloidal soln can also be prepared by the use of protective colloids 0 Fib&eler 
obtamed colloidal soln by mixing 3 grms of sodium protalbmate or lysalbmate 
dissolved m lukewarm water, with the calculated quantity of ferric chloride m aq 
soln The precipitated ferric protalbmate or lysalbmate was dissolved m soda lye, 
and the dark red soln dialyzed until salt no longer passed through The residue 
on the dialyzer was filtered, and evaporated on a water-bath, and dried over 
sulphuric acid in vacuo The dark red plates form a clear, colloidal soln with 
water The colloid is flocculated by adding dil sulphuric acid , a soln of oodium 
chloride m the cold has no visible action, but if heated, yellow flecks separate from 
the turbid soln A 10 per cent soln of calcium chloride acts similarly , but a 
10 per cent soln of sodium phosphate does not give a precipitate m hot or cold 
soln C PaalandW Hartmann, and Kali e and Co employed an analogous process 
F Sichel used starch xanthogenate as protective colloid , A W Dumansky and 
Z P Chescheva, mannitol , H Freundhch and G Lmdau, haemoglobin, and globm, 
W Bachmann, glycol, glycerol, mannitol, dextrose, sucrose, dextrin, and starch ’ 
and J Muller, cherry gum J N Mukherjee attempted to find a relation 
between the stability and degree of dilution of the hydrosol J W Bam and 
W L McClatchie studied the ultra-filtration of the hydrosol 

The general idea of H Debray, L P de St Gilles, T Graham, and L M de la 
Source was that the hydrosol of hydrated ferric oxide is an allotropic, soluble 
modification which is associated with some impurities Numerous observations- 
by A Bechamp, H Debray, J Duclaux, F Giolitti, A Hantzsch and C H Desch, 
E Heymann, H Picton and E Linder, M Neidle, P Nicolardot, J M Ordwa) , 
R Ruer, A Scheurer-Kastner, L M de la Source, J G Ufer, H P Varma and 
b Prakash, and G N Wyrouboff — show that some salt must be present, presumably 
adsorbed, m order that the colloidal soln be stable The hydrosol has not the inky 
or ferruginous taste characteristic of ferric salts, rather does the h} drosol produces 
rough sensation on the tongue H W Fischer and E Kuzmtzky also found that m 
well-dialyzed hy drosols, a ferro cyamde soln does not give the prussian blue colour 
produced by ferric salts E Gnmaux, and E A Schneider found that hydrogen 
sulphide acts on the cold hj drosol to form feme and ferrous sulphides K Haertmg 
found that the hydrosol reacts with cellulose to form a complex iron cellulose 
C Doelter observed that when the hydrosol is shaken with a soln of calcium or 
magnesium chloride, feme hydroxide is precipitated Silver nitrate does not precipi- 
tate a chloride from the hydrosol, even though T Graham, R Ruer, J G Ufer, etc, 
have demonstrated the presence of chlorides A Hantzsch and C H Desch said 
that the failure of silver nitrate to produce the chloride reaction is because of the 
formation of a complex between the hydrated feme oxide and the ferric chlonde 
R Ruer showed that the phenomenon is more likely to be due to the protective 
action of the ferric chloride on the colloid As indicated above, A W Thomas 
Freiden, and A J Rabmowitsch and V A Kargin considered that the 
colloidal particles owed their stability as a hydrogel to the adsorbed feme chloride > 
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and R Ruer suggested that m the sol state, the chlonde is partially ionized owing 
to the invariable presence of, sa} , ferric chloride m the colloidal feme oxide produced 
from that salt 

"Many observers — J Duelaux, 4 W DumansLv, F Tordis N Kuhnl ami 
W Pauli, H PictonandE Lmder, 0 Malfitano and co-workers, L Michel, M Neidle 
P Nicolardot, W Pauli and co workers, A \V Thomas and 4 Freiden, and 
(! N Wyrouboff and A Vemeuil — considered the colloid to be a chlonde of a 
polymerized or condensed feme hydroxide or an orv chloride of -variable com 
position, [(Fe0 3 H 3 ) n Fe] (CIO 3 N J Harrar and FEE Germann studied the 
effects with salts of organic acids The work of H W Fischer F K Cameron and 
W 0 Robinson, F Giolitti, and R B Smith and P M Gieb\ furnishes no support 
for the hypothesis that an oxychlonde is formed P Nicolardot obtained complexes 
with eq ratio of Fe 01=125 6 A Bechamp gave 7 1 , J M Ordway , 3 1 , 
(4 N Wyrouboff and A Verneuil, 8 1 , and J Duelaux, 300 1 The subject 
was discussed by G Malfitano, and L Michel According to N Kuhnl and 
W Pauli, the hydrosols of feme oxide prepared by peptization of precipitated 
hydrated oxide with feme chlonde contain on the a\ erage ten times as much iron 
and twenty times as much chlorme as those prepared bv hv drol\ bis The ratio of 
active to total chlorme is from 1 5 to 1 6 m hy droh zed soL and is little affected 
by dialysis , but it decreases from 1 3 to 1 17 on diahsis of peptized sols, whilst 
the total oxychloride per colloid eq increases more than sixfold The extent to 
which chlorme is substituted by sulphate and oxalate anions on coagulation is 
throughout considerably higher for hydrolyzed than for peptized sols B\ diah sb, 
the oxvchlonde portion of the sol substance is progressively diminished, more 
markedly so m hydrolyzed soln Transport numbers are much the same for both 
vaneties M Neidle believed that this particular ratio is more due to chance, hut 
suggested that a complex is formed with the ratio at 21 1 , and A W Thomas 
and A Freiden considered that it requires a mol of feme chlonde to keep 21 mols 
of feme oxide m the colloidal state There is a very wide \ anation m the Fe Cl 
ratio found by different observers Thus, M Neidle obtained 84 1 , R Bradfield 
396 1 , and J G Ufer, 2700 1 M Neidle also showed that the maximum 
degree of purity attainable before coagulation occurs increa-es with decreasing iron 
content of the soln H Siebourg studied the effect of dilution on the equihbnum 
between the hydrosol and the dispersion medium 

E Heymann observed that with aged soln of ferric chlonde m which the 
proportion of colloidal hydrated feme oxide is constant, the quotient of the activ e 
masses [HCl] 3 /[FeCl 3 ] is not constant, but undergoes a steady change with a \ ariation 
of about 30 per cent This indicates that the active mass of the colloidal feme 
hydroxide cannot be regarded as constant The size of the particles also influences 
the equilibrium, and the chlorine- content of the colloid particles is greater when they 
have been formed by hydrolysis than when the system has been prepared bv 
adding hydrochloric acid to colloidal feme hydroxide — tide infra, the hydrolysis 
of feme chlonde All this means that, as H B W eiser puts it, mv estigators who 
assume the existence of definite compounds are unable to agree on their composition 
The subject was discussed by E I Spitalsky and co workers R Zsigmondy 
considered the hydxosol to consist of electrically charged mycelial particles with 
entrained mother-liquor , and a similar hypothesis was favoured bv P Bary 
A Cotton and H Mouton, S I Diatschkowsky , I Duelaux and R Titeica, 
J Duelaux, H Freundhch, G Malfitano, L Michel, and R Wrntgen and 0 Kuhn 
J Duelaux said that there is a state of equilibrium between the chlonde 1011b m soln 
and m the mycelia , although A W Dumansky said that the partition of ammonium 
chlonde between the soln and the mvcelia does not follow Henrv s law 
'Wo Ostwald, H Freundhch, A Lotteraoser and P Maffia andP Mafta, howev er, 
observed that the adsorption agrees with the usual adsorption formula R Ruer 
considered that part of the adsorbed chlonde is partially ionized, whilst R Wrntgen 
and co-workers estimated that 70 to 90 per cent of the adsorbed chloride is not 
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ionized The subject was also discussed by W Pauli, A W Dumansky, J Matrda 
and R Zsigmondy H Freundlich considered that the myceha are built up of 
positively charged FeO -ions or Fe -ions associated with the complex Thus 

[5&o]*«° +a ' [!£%>]" 

where m one case it was estimated that w=75 35, and m=7 86 According to 
J Bohm, the X radiograms of fresh hydrosols show that a basic salt is present, 
but the deposit from old soln consists of goethite H Freundlich and S Wosnes 
sensky also discussed tbs subject G L Clark, A Krause and W Buczkowsky, 
P P Lazareff , and J Duclaux and R Titeica studied the mycellar equihbnum of 
the hydrosol G Scbkorr, and A W Thomas and E R Hamburger studied the 
hydrosol of the corresponding ferric oxybromide 

The colloidal hydrated ferric oxide as usually prepared is a positive hydrosol, 
but negative hydrosols have been obtained H Rose found that the presence of 
glycerol, mannitol, sucrose, and glucose prevent the precipitation of hydrated feme 
oxide by the addition of alkali lye, or a soln of ammonia to a soln of a ferric salt 
H W Fischer dialyzed a sob obtained by adding a sodium hydroxide sob to a 
mixture of feme chloride and glycerol , and. P Rona and F Lipmann used a some 
what similar process E Riffard said that invert sugar is seven times as effective 
as cane-sugar m preventing precipitation There is a converse action, the presence 
of traces of hydrated ferric oxide hinders the crystallization of cane-sugar, and 
bgher proportions of molasses are formed if raw sugar is kept m iron vessels 
E Gnmaux attributed the solubility of the hydrated oxide to the formation of a 
negative sol stabilized by the preferential adsorption of hydroxyhons A W Duman 
sky and T P Tyazhelova obtained the negative hydrosol from feme chloride m the 
presence of a soln of alkaline citrate F Hazel and C H Sorum obtamed the 
negative hydrosol by the hydrolysis of prussian blue N G Chatterji and 
N R Dhar observed that hydrated feme oxide can be peptized by adding an 
alkali hydroxide to a sob of a feme salt m the presence of glycerol, or sucrose , 
and N R Dhar and K C Sen found that boric, molybdie, malomc, and tartaric 
acids could be used as peptizing agents , and K C Sen and co workers, sodium 
arsemte, tartrate, or citrate A Schmauss, and J Billitzer found that the colloid 
obtamed by the spluttering of iron electrodes from an arc under a sob of gelatm 
it, negatively charged , and the hydrosols obtained by E Gnmaux, D Vorlander, 
and P A Tbessen and A Koemer are also negatively charged A Boutanc and 
G Perreau studied the mutual flocculation of the positive and negative hydrosol 
F Powis, and A Boutanc obtained a stable, negative sol without protective 
colloid , he found that by adding colloidal hydrated feme oxide to a dil soln of 
sodium hydroxide of suitable cone , it may be changed from positive to negative, 
coagulation being prevented by mixing m tbs order It may also be directly 
prepared as a negative colloid by allowing the hydrated feme oxide particles to 
form m the presence of a dil sob of sodium hydroxide The view is taken that 
the potential difference at the surface of colloidal particles is due to adsorption 
of ions from the sob , and that its sign depends on whether the cations or anions 
are m excess in the layers nearest the particles The negative sol so prepared is 
brownish yellow, and showed no sign of precipitation after standing for three weeks 
Sols of feme oxide prepared by the electrical disintegration of iron electrodes under 
water are usually charged positively, but, according to T Malarsky, filtration through 
filter paper, fat free cotton, glass wool, or sand, may make the charge less positive, 
neutral, or negative, and he explained the phenomenon as an effect of contact 
electrification By successive filtration of the sol of hydrated feme oxide through 
filter-paper, the potential difference of the double layer is diminished, and con- 
sequently, the velocity in an electrical field is also diminished , repeated filtration 
will reduce the potential difference to zero and finally change the sign of the charge 
H Freundlich and S Wosnessensky found that a hydrosol obtamed by oxidizing 
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iron pentacarbonyl with hydrogen dioxide and flocculated by boiling, furnishes a 
negative hydrosol when peptized by sodium or potassium hv droxide , the positively 
charged hydrosol is also discharged by shaking it with dil alkali-lye H R Kruyt 
and J van der Spek also found that the positrv elv-charged hy drosol is discharged by 
shakmg it with a soln of sodium hydrophosphate , H Mayanagi, that potassium 
ferrocyamde acts similarly , and P Rona and F Lipmann, that the positive 
hydrosol becomes negative when shaken with sodium citrate 

The clear soln of feme peptonate prepared by M Robm by adding ammonnini 
chloride to a mixed soln of glycerol, peptone, and ferric chloride, wa*> a negative 
soln of hydrated feme oxide peptized by gl} cerol and peptone Ordinary positive 
colloidal soln of hydrated feme oxide cannot be used for intravenous injections, 
since it precipitates the negatively charged serum of the blood, but a negative soln 
contaimng alkali and glycerol does not precipitate serum, and was recommended 
by H W Fischer in arsenical poisoning, and by L Dozzi, in the treatment of 
anaemia 

H B Weiser and G L Mack prepared alcoholsols of feme oxide with methyl 
and propyl alcohols P Rehlinder and E Wenstrom studied the stabilizing of 
suspensions of feme oxide m benzene, toluene, and heptane 

According to A Cotton and H Mouton, the hvdrosol of hydrated ferric oxide 
contains particles of two kind s The particles m the lower part of the sol are 
specifically heavier, and have positive birefringence, whilst those m the upper part 
have a negative birefringence N P Peskoff, and A Szegvari also found two kinds 
of particles m the hydrosol, and discussed what is called barophoresis X radio- 
grams by J Bohm, J Bohm and H Niclassen, H Freundlich, H Zocher, H Zocher 
and K Jacobsohn, H Zocher and W Heller agree that the lower layers of particles 
are richer m feme hydroxide than the upper la\ers P Bary also considered that 
his experiments on the drying of the hydrosols showed that two kinds of particles 
are present G Qumcke also studied this subject According to H Freundlich, 
H Diesselhoist and H Freundlich, and B Lange, the optical properties of the 
hydrosol show that the aged hydrosol is anisotropic, and contains tabular, and 
rod-like particles — H Zocher said disc shaped R WmtgenandM Biltz, W Pauli 

and co-workers, and L Tien made estimates of the sizes of the particles 
R Wmtgen, A W Dumansky , and N Kuhnl and W Pauli, of their den&itv , and 
R Wmtgen and 0 Kuhn, and N Kuhnl and W Pauli, of the magnitude of the 
charge G Jander and A Winkel found that m the hydrolv sis of the ferric salts, 
a senes of basic states are produced which are stable under definite conditions of 
equilibnum The state of equilibrium is very sensitive to the H -ion concentration 
The stable states range from the ummolecular feme salt to the polv molecular 
feme hydroxide S mall changes in the H ion concentration produce large changes 
in the mol wt of the product of hydrolysis 

F Giohtti showed that the physical character of the precipitated hvdrogel of 
hydrated feme oxide vanes with the nature of the precipitating agent Thus, the 
hydrogel produced by the addition of a trace of sulphurous, sulphuric, selemous 
iodic, penodic, bone, or phosphonc acid, is gelatmous, and it is not re peptized by 
water , while the hydrogel produced by adding traces of hydrochloric, hv drobromie, 
hydnodic, nitric, perchlonc or perbromic acid, is a finely divided, bnck red powder , 
and the hydrogel produced by the addition of a larger proportion of the monobasic 
acid is readily peptized by water H B Weiser found that this anomalous 
behaviour is independent of the valency of the precipitating ion The most 
voluminous precipitates are formed when there is a rapid coagulation throughout 
the entire soln , and when the precipitating agent has no solvent action on the 
particles Gelatmous precipitates are formed when the finely divided particles 
of the hydrate are produced under conditions favouring the formation of a network 
enmeshing the mother-liquor Just as large crystals are formed by the slow 
deposition from a super-saturated soln , and small crystals, by rapid precipitation, a 
condition which may also form a gelatmous mass, so, m L P de St Gilies’ soln , finely - 
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di\ided particles are present which, if allowed to agglomerate slowly, may form more 
or less granular masses entanglmg very little water , but, if allowed to agglomerate 
rapidly, the particles have not time for orientation and a network may form 
entanglmg a relatively large amount of mother-liquor This produces a relatively 
voluminous precipitate Low concentrations of polyvalent ions cause rapid coagu 
lation, and produce gelatinous precipitates The solvent action of the precipitant 
also comes into play , thus, potassium chloride has no solvent action, and the 
stabilizing influence of the potassium ion is slight, hence rapid coagulation and a 
voluminous precipitate is formed, but with hydrochloric acid, the H ion has a 
stabilizing influence, and the precipitate is slightly soluble m the acid The 
smallest particles are most readily attacked, and this will hinder the formation 
of a network enmeshing the mother-liquor, and restrict the amount of mother 
liquor which can be entangled in the precipitate This reduces the vol of the pre 
oipitate , actually, the precipitate is usually granular The colour of the precipi 
tate furnished by L P de St Gilles’ soln is not always brick red , it varies with the 
conditions of precipitation H B Weiser found that it is possible to make a 
transition from brown to yellow by increasing the size of the particles This may 
be effected by heatmg water to which ferric chloride has been added The yellow 
colloidal hydrated oxide is not readily dehydrated at 100° and probablv contains 
adsorbed ferric salt A yellow colloidal soln was prepared by L P de St Gilles 5 
method by allowing the acetate soln to remain for a few days before diluting and 
boding The slow hydrolysis of the acetate fivours the formation of yellow 
hydroxide stabilized by adsorbed ferric salt When the soln is boded, a stable 
y ellov colloid is formed instead of the usual brick-red one J N Mukherjee studied 
the effect of ddution on the stability of the hydrosol , A F G Cadenhead and 
W H Virnng, the reversibility of the process , and H Handovsky, the effect of 
ageing the soln 

According to G H Ayres and 0 H Sorum, the size of the particles m the 
hydrosols of ferric oxide, prepared by the hydrolysis of soln of ferric chloride 
between 100° and 145°, range from 52 fifjL to 76 ji/ji — average 60/z/z The size is not 
influenced by the temp of preparation, or by the cone of its reactants The 
colour of colloidal hydrated ferric oxide vanes from yellow to brick-red and brownish 
red According to E F Holden, the colour of colloidal soln of hydrated ferric 
oxide when a thickness of 10 5 ems is viewed against a white background, is pale 
yellow for soln with 0 0007 per cent Fe 2 O s , yellowish-orange, with 0 0034 per 
cent , orange, with 0 0059 per cent , red, with 0 034 per cent , and dark red, with 
0 068 per cent G Malfitano, and H W Fischer recognized that the variation in 
colour from yellow to red to brown is associated with an increase m the size of the 
p rticles — vide supra , ferric oxide E A Schneider observed that the hydrosol 
becomes brick-red when heated to 200° , and observations were also made by 
L P de St Gilles H B Weiser 5 s experiments on the hydrolysis of ferric chloride 
showed that the two factors are co related Finely-divided brown particles can 
be transformed into larger yellow, and still larger brick-red particles by heatmg 
them under suitable conditions J B Nichols and co-workers, P L du Nouy, 
R Audubert,R Zsigmondy and C Canus discussed the sizes of the colloidal particles 
The observations of U Antony and G Giglio, Wo Ostwald, E Schaer, T Svedberg, 
R Bradfield, H M Goodwin, and C L Wagner on the hydrolysis of ferric chloride 
soln whereby a colourless, dil soln ohanges spontaneously first to yellow and then 
to reddish brown, make it appear that the yellow particles are smaller than the 
brown The colour of a dil colloidal soln is not necessarily the colour of the 
particles R Bradfield found that a colloidal soln of hydrated ferric oxide contains 
varying proportions of small, highly hydrated, reddish-brown particles and also 
larger, less hydrated yellowish-brown particles which can be separated from one 
another by the centrifuge Both forms can be converted into larger, still less 
hydrated, bnck-red particles by heating them to 100° If the conditions are such 
that the red particles remain m colloidal soln , then L P St de Gilles’ sol is formed 
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k vellow St Gilles 8ol does not become red bv a prolonged boiling of the soln thib 
is attributed b} II B Weiser to the fact that the vellow particles, formed under 
certain conditions*, lose "water at 100 less readilv than the reddish brown particles 
TV 1) Bancroft pointed out that the vellow colloid is formed under conditions where 
the adsorption of a ferric salt is possible H B Weiser showed that the adsorption 
of the ferric salt does not alwav s produce the v ellow colloid, but it mav be tha* the 
•vellow colloid, which is not converted to red bv heating at 10U , i> s + ibihzed In the 
adsorbed ferric salt The subject was discussed bv G D Grane P P Lazaretl, 
H T\ Kohlschutter and H Siecke, and B TV Desai and co workers TI \nuett^ 
discussed the filtration of colloids 

R Wrntgen found that the specific gravity, at 25747 of the bvdiusoi pu p ir< it 


grams per 100 grms of the dispersion medium 


he(OH). 
bp gr 


0 23036 
0 99856 


0 60683 
100095 


1 0030 
1 003Vb 


k Grossmann expressed the cone m grains Fe per 100 c c of soln , and fuuud 


Fe(OH) s 
bp gr 


0 408 
10031 


0 815 

1 0084 


1222 

10135 


1 030 
10187 


Fe(OHi 

j, exo”* tl Mi 

1 0728 

2 2719 

1 0040*) 

1UP99 

of ooln , 

and fuuud 

2 445 

i 2l>0 

10291 

1 0392 


Observations were also made by N Sahlbom, and G H Av rts and C H borum 
A Gatterer peptized the hydrogel with acetic acid, and evaporated the dil soln 
by warming it under reduced press The follow mg aie the results Tt blc LXXXI X, 
reduced to water at 4°, determined m vacuo Both R Wrntgen, and A Gatterer 


1 able LXXX1X — Specific Gravities of the H\ drosol « »i Hvdb\iei> Ferric 

Oxide 
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observed that the sp gr and the specific volume of the h\ drosol are a linear function 
of the concentration H Picton and E Linder, and H R Kruyt and J van der 
Spek observed that a small dilation, just exceeding the errors of observation, occurs 
when the hydrosol coagulates 

H Picton and E Binder found that the coagulation of the hydrosol is attended 

by an expansion They attempted to measure the osmotic pressure of colloidal 
soln of hydrated feme oxide prepared in various ways, but consistent results could 
not be obtained H Picton and E Linder observed no perceptible change of temp 
during the coagulation of the hydrosol of feme oxide by the addition of electrolytes 
Observations were also made by F van der Feen, W Blitz and A von Veges&ck, 
and G Malfitano J Duclaux said that the osmotic press increases with con- 
centration but is not proportional to it , R Zsigmondy, and J Duclaux found 
that the osmotic press decreases slightly with a rise of temp , and J Duclaux, ana 
G Malfitano found that the osmotic press of the soln do not vary directly with the 
electrical conductivity — the latter decreases with dilution more rapidly than the 
former It is assumed that the colloidal soln contain hypothetical, comphx 
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oxy-salts possessing the very properties under investigation * It is not surprising 
that the colloidal soln show a slight osmotic press , and f p effect, because, generally, 
some adsorbed soluble salts are present J Lindemann showed that the electrolyte 
content of a sol can determine the osmotic press The more dil the hydrosol, the 
less the relationship between osmotic press and the cone , and this is attributed to 
negative osmosis S Honba and co-workers found that the osmotic press of 
the hydrosol does not increase in light T Yamaton studied the dialysis of the 
hydrosol, and found that feme ions dialyse completely when the H ion cone 
is £) h =3 7 to 3 9 H Freundlich and co-workers (1932) discussed the action of 
sound waves on the thixotropic gels R Wilson and T C Poulton found that the 
hydrosol is immediately coagulated when subjected to a pressure of 300 atm , and 
m 30 mins when the press is 100 atm 

H Picton and E Lander found that the surface tension of water is not affected 
by the presence of the colloid N Sahlbom made some observations on the capillary 
movements of the hydrosol W L Rolton and R S Troop observed no change 
m the surface tension of the hydrosol m a magnetic fi eld of 1 6,000 gauss J Alexander 
discussed the relation between surface tension and the kinetic activity G Jander 
and A Wmkel measured the relation between the coeff of diffusion and the 
H -ion concentration , and E Ullmann, the rate of diffusion of ferrum oxydatum 
saccharatum solubile K Grossmann found that with hydrosols of feme hydroxide 
having C gnns of Fe per c c , the viscosity, r) 9 at 25°, is 

C 0 408 0 815 1 222 1 630 2 445 3 260 

7! 0 00914 0 00952 0 00981 0 01030 0 01105 0 01215 

Measurements were also made by N Sahlbom, and A du Pre Denning H Freund 
kch and E Schalek, E Schalek and A Szegvan, G H Ayres and C H Sormn, 
J H Yoe and E B Frever, R N Mittra and N R Dhar, A Gatterer, N R Dhar 
and V Gore, H Meerbrei, and H W Woudstra observed the effect of pressure , 
p mm , to be such that with hydrosol, over 4 years of age, containing 9 5 per cent 
Fe 2 0 3 , at 20°, the viscosities m arbitrary units were 

p 10 20 30 40 50 

Viscosity 0 0338 0 0313 0 0299 0 0289 0 0280 

A 10 per cent hydrosol did not change its viscosity, rj=0 1368, at 20°, over the range 
p = 10 to 50 mm , and the sol was therefore about 13 times more viscous than 
water More dil hydrosols have perceptibly smaller values The effect of 
temperature was measured by H Meerbrei, N R Dhar and D N Chakravarti, and 
A Gatterer H W Woudstra observed 

20 25 30 35 40 45 50 55 60 

ij 0 01069 0 00950 0 00849 0 00766 0 00703 0 00639 0 00585 0 00534 0 00490 

A W Thomas and E R Hamburger’s results with the hydrosols of feme ox} chlonde 
(Cl) and oxybromide (Br) are summarized m Fig 531 A G Banus andM Masnera 
studied the effect of a magnetic field on the viscosity The effect of ageing is to 
decrease the viscosities in both cases The observations of H W Woudstra, 
N R Dhar and D N Chakravarti, and K Grossmann show that by reducing the 
dispersion of the hydrosol by raising the temp , or by the addition of small 
proportions of an electrolyte, the viscosity decreases until the viscosity curve 
attains a minimum value A Fernau and W Pauli observed also that the /3-rays 
of radium at first depress the viscosity, and then rapidly augment it J H Yoe 
and E B Freyer studied the effect of the H -ion cone on the viscosity of the 
hydrosol, and C H Sorum, the diffusion G Rossi and A Marescotti found that 
the surface tension and stability are not altered by the addition of 0 04 per cent 
of gelatin N R Dhar and S Prakash observed that a mixture of 4 c c 0 5Af-FeC3g, 

1 c c Af-(NH 4 ) 2 S0 4 , 2 c c 3 5iV r -CH 3 COONa, 12 5 c c of water, and 0 5 c c of 

2 SAV-NE^OH sets to a jelly in 6 hrs The viscosities of the soln at 30° were 

Age 0 30 60 90 107 132 mms 

Viscosity 0 009324 0 009324 0 009349 0 1158 0 01731 0 01928 
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F Doermckel found the specific heat of the hjdrosol and hjdrogels of hydrated 
ferric oxide 


FejOj 

sp“{ISS 


1 b 
0 982 
0 981 


33 
0 966 
0 979 


65 
0 938 
0 967 


86 
0 915 
0 946 


10 8 per cent 
0 901 
0 941 



14 28 31 36 

Ratio Fata CL orBr 
Fig 531 — Properties of the Hydrosols of 
Feme Ox> bromide (Br) and Oxychloride 
(Cl) 


A Braun, J H Walton and A Brann, and H Fre nndh ch and F Oppenheimer 
observed that under-cooled hydrosols of hydrated feme oxide freeze more rapidly 
than is the case with water alone, and 
the crystals are tabular Measurements 
of the lowering of the freezing-point 
were made by F Krafft, 6 Malfitano 
and L Michel, H Picton and E Linder, 

A W Thomas and A Fneden, A Sa- 
banejeff, A W Dumansky, A Gatterer, 
and G Brum and N Pappada, but the 
effect, if any, is outside the limits of 
the experimental errors of observation 
F L Browne found that the effect of 
dextrose on the f p of the colloidal soln 
shows that practically all the water in 
the sol acts as solvent for the substances 
dissolved m the sol J H Gladstone 
and W Hibbert obtained a lowering of 
the f p corresponding with a mol wt 
of 5000, A W Dumansky calculated 
a mol wt of 3120 , J Duclaux, 115,000 , 
and R Wmtgen and co-workers, 32,000 These results, howev er, have no particular 
meaning G Malfitano discussed the size of the colloidal particles, since the whole 
basis of the calculation is invalid G Brum and N Pappada obtained negative 
results m the attempt to measure the effect of the colloid on the vapour pressure 
of water 

M Berthelot, and H Picton and E Linder observed that there is a small 
evolution of heat during the coagulation of the hydrosol — heat of coagulation. 
F L Browne, and F L Browne and J H Mathews obtained the same value for 
the heat of coagulation with sols prepared by three different methods, indicating 
that feme oxide hydrosols represent an equilibrium which is defined by the temp , 
press , cone , and punty The change m the degree of dispersion of feme oxide 
during coagulation does not involve a measurable heat effect The heat effects 
observed during the coagulation of sols of low purity are due to the dilution of the 
feme chloride and hydrochloric acid contained in the sols, to the mixing of these 
electrolytes with the added coagulating electrolyte, and to changes in the adsorption 
equilibria The subject was studied by F Doe rmc kel , and H R Kruyt and J van 
der Spek observed with sodium sulphate coagulation, the heat developed is about 
2 cals per gram of FegOs, and it increases with the cone of the chloride in the sol 
The heat of coagulation vanes greatly with concentration of the hydrosol , and it 
mcreases with the proportion of adsorbed salt The heat of coagulation with 
potassium oxalate is three times as great as with al uminium sulphate , the heat of 
coagulation is greater in dil than m cone soln , but no heat is developed when the 
hydrosol is diluted with water Differences in the results with different preparations 
of the same hydrosol are due to differences m the proportion of adsorbed salts 
F Doermckel observed that the heat of dilution of an aged 10 8 per cent hydrosol 
was zero, butF L Browne and J H Mathews found that fresh hydrosols have a 
positive heat of dilution, and that the value decreases during the dialysis, becoming 
zero, then negative, and finally zero G J Bouyoucos discussed the heat of reaction 

with soln of the alkali hydroxides , _ , , 

H Picton and E Linder, and A Gatterer studied the dispersion of the hydrosol 
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as exhibited by the Tyndall effect —1 13, 7 Ultiamicioseopic obseivations were 
made by H Diesselhorst and 11 Fieundlich, H Freundlich and co workers 
T Tevieli, A Boutaiic andC Tourneur, A W Dumansky, N KuhnlandW PauL 
B Kuriloff, R Wmtgen and M Blitz, and R Wmtgen and 0 Kuhn B Lange 
found the depolarization of the Tindalls beam of light by the particles of the 
hydrosol is much greater with green light than it is with red light R Wmtgen 
found that the index of refraction, /x, of the hydrosol fi/D is a linear function of the 
concentration, wheie D represents the sp gr of the soln , and that with hydrosob 
having a concentration of C grms of Fe(OH) 3 per 100 grms of dispersion medium, 
the indices are 

C 0 2303b 0 60083 1 0030 1 0728 2 2759 

fi 1 33300 1 33364 1 33443 1 33463 1 33697 

S Prakash studied the extinction eoeff duiing the coagulation of the hydroBol 
V Henri and A Mayer, and C Doelter observed no coagulation m radium rays , 
but A Righi, A Fernau and W Pauli, and W P Jonssen and H W Woudstra 
observed a slow coagulation JAN Friend made some observations on this 
subject P Lai and P B Ganguly studied the action of ultra-violet light , 

S S Bhatnagar and co-workers, and J A Crowther and J A V Fairbrother, 
the action of X-rays , A Cotton and H Mouton, and O Scarpa, the rotation of the 
plane of polarization m a magnetic field , and F Allison and E J Murphy, and 
W Heller and H Zocher, the magneto optic properties W Zimmermann observed 
that the photoelectric effect is not perceptible 

O Majorana observed that hydrosols of hydiated ferric oxide are birefnngent 
m a magnetic field, the so called Majorana effect The hydrosol traversed by a 
zay of light at right angles to the lines of magnetic force exhibits double refraction 
sometimes as great as that of quartz The birefringence disappears when the 
magnetic field is extinguished O Majoiana, and A Cotton and H Mouton found 
that the birefringence is accompanied by a perceptible dichroism of the hydrosol 
A Schmauss inferred that the magnetic field caused an orientation of the particles 
The phenomenon was discussed by O Wiener, Lord Rayleigh, J Kerr, L Tien, 
A du Pre Denning, R Gans and H Isnardi, A Pontremoli, H Freundlich, 
andF Braun A Cotton and H Mouton observed that after ultra filtration through 
collodion, the filtrate remained mactive, while the double refraction of the colloidal 
residue was increased While ordinary coagulation gives an inactive gel, eoagula 
tion in a magnetic field gives a gel with a permanent double refraction even in the 
absence of a magnetic field The turbidity and double refraction depend on the 
age of the hydrosol , and the ageing is hastened by raising the temp — thus, 4 hrs 5 
heating at 100° raised the birefringence forty-fold The turbidity and viscosity 
increase during the warming so that the greater the gram size of the particles, 
the greater is the birefringence Some sols prepared by the electric process have 
particles which are visible under the ordinary microscope, and the long particles 
become oriented m the magnetic field, and the hydrosol is then birefnngent The 
double refraction is, therefore, attnbuted to the onentation of lamellar or rod like 
particles in the magnetic field, but the rods or flakes do not form threads The 
reason the small particles give a smaller effect is due to the more vigorous brownian 
movement disturbing the onentation A Cotton and H Monton inferred that 
the Majorana effect is due to the nature of the particles themselves as well as to 
their onentation , and this is in accord with the observations of H Freundlich, 
G Quincke, H Diesselhorst and co-workers, D Graffi, A Pontremoli, and L Tien, 
that the feme oxide hydrosol exhibits double r efra ction when stirred mechanically, 
or when an electnc current is passed through the liquid C von Nageli had 
previously explained the optical and other properties of colloids on the assumption 
that they congest of anisotropic ultramicrons having a great resemblance to minute 
crystals A W Ewell, L Tien, and O M Corbiso studied the effect of a variable 
magnetic field on the Majorana effect 
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The colour and dichroi&m of the h} drosol have been prev louslv disc usse d 
B Lange studied the absorption of hght % the hvdrosol of feme oxide 0 Scarpa 
found that the absorption spectra of the hydrosols are not m accord with Beer b 
law , with a decreasing concentration, the absorption m the red increases, and 
decreases m the violet _The absorption ^ 
spectra observed by B E Moore with j ~ \ n. 

hydrolyzed soln of ferric chloride, and | 0 ‘ | ^ 

hydrosols of hy drated feme oxide, are sum | r — > 

marized m Fig 532 B Jirgensons found § b0 7^ ~ 

that when the hydrosol is coagulated, the ^ //K / v _ j 

limit of absorption is at first displaced to ^ 7 7 ^ Znjji „ 

w ai ds the red, but w ith complete coagulation, ^7? * 1 _ j 

it is displaced towards the violet A Boutarie g 2C -1 _ - 

also studied the effect of flocculation on ^ p-pl. ' ~j- - —4 - — * — *--4 

the coeff of absorption, G lander and - ' r - / ■ ■* ; * « 

A Wmkel, the effect of the H-ion concen y a/e / X bbG0 

tration , and V Petrescu, the depolarization 

ni licrlit W thp onllmrlfll M Fx0 532 — The Sorption Spectra of 

ot ugnt by tne coiioiaai soln M 2latsm H drosolg of H % drated Feme Oxide 

and co-workers, B Kurilon, and 8 rrakash 

investigated the change m the extinction coefficient with the ageing oi the 
hydrosol, and with the hydrosol mixed with different proportions of hydrochloric 
acid B Lange applied Lambert and Beers law to the hydrosol T Ewan 
observed that when a completely hydroljzed soln of feme chloride la diluted, the 
extinction coeff , l, has a higher value — wave length of hght constant , and that 
when the cone of the hydrosol is C mols of Fe(OH) 3 per litre, and the mean 
wave-length of the hght is A 


C- 0 0001254 

jA 

570 0 

513 2 

480 2 

423 b 

442 8 

U 

22 23 

107 2 

202 4 

263 4 

431 6 

V -0 0005680 

iA 

u 

536 0 

497 2 

461 2 

444 2 

434 1 

53 1 

146 8 

216 3 

263 b 

320 7 

L -0 02531 

(A 

\k 

663 8 

588 0 

550 2 

539 2 

528 0 

5 61 

14 35 

33 04 

47 76 

6105 

0-0 09855 

1 A 

U 

665 2 

608 0 

577 0 

552 0 

540 o 

6 12 

10 91 

17 87 

33 1 

44 5 


S S Bhatnagar and co workers observed no marked change in the velocity of 
cataphoresis before and after exposing the hydrosol to X-rays The electrophoresis, 
or rather the cataphoresis, of the positive colloid was studied by W Blitz, H Picton 
and E Linder, J N Mukherjee and co workers, S H Whang, F Hazel and 
G H Ayres, W B Hardy, A Reychler, R Audubert, and W Spring The negative 
form of the colloid was discussed above, likewise also the rev ersal of the electric si^ 
of colloids by adding varying proportions of positrv e or negatrv e anions The speed 
of migration of the colloidal particles of the positive hydrosol with a potential 
difference of 1 volt per cm was found by R Wintgen and M Biltz to be 24 1 
to 35 1 ems per sec , A J Rabmowitsch and V A Kargm gave 37 1 ems per sec > 
W Pauli and co workers— N Kuhnl, L Engel, F Rogan, and G Walter— appron 
mately 4 4 , and W Pauli and J Matula, 57 to 336 The latter value is considered 
by R Wintgen and M Biltz to be too large, because the conductivity of the mter- 
mycellary fluid was ignored H Puiggan measured the electrical transport of t e 
colloidal particles for the hydrosol, at 17° using a current of 0 003 amp and an e m 
of 23 volts across the electrodes The amount of spongy, dark orange colonred 
coagulum which separated on the platinum cathode was directly PJ°P^t 1G ^ to 
the current, averaging 304x10-5 g per amp pet sec for currents of 0003 to 0 01 
amp , irregularly and progressively smaller for 0 036 to 0 065 amp , and invisible 
for less than 0 0003 amp The electrical transport is increased by nse of temp 
The subject was discussed by S S Bhatnagar and D 0 Bahl, A Bontanc and 
G Perreau, H Puiggan, F Hazel and co-workers, 4, J Rabmowitsch and 
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E Fodiman, and H Freundlich and G Lindau H Freundlich and S Wosnes 
sensky, P Rona and F Lipmann, and F Powis discussed the speed of migration, 
or rather the anaphoresis, of the colloidal particles of the negative hydrosol, and 
the value works out to be between 15 and 30 cms per sec The speed of migration 
of the cataphoretic particles was found by H Freundlich and H P Zeh to be 
lowered by the addition of complex cyanides proportionally with the valency, 
and H Freundlich and G V Slottman found that the lowering of the speed by 
salts of the sulpho acids increases as the salts rise m the homologous series 
H Freundlich and P Rona obser\ ed that substances like camphor or thymol lower 
the speed of migration , and S W Young and L W Pmgree found that light 
produces a similar result The subject was discussed by L Engel and W Pauli 
E H Buchner and A H H van Royen found that when a thm stream of the 
hydrosol of feme hydroxide flows through the dispersion medium between two 
vertical electrodes, the stream broadens out m all directions The effect is not 
one of cataphoresis, and it is attributed to differences m electrical conductivity 
of the hydrosol and the dispersion medium A Lottermoser and Ta Yu Chang 
studied the effect of dilution on the electric charge of the sol 

The sp electrical conductivity of the hydrosol varies within wide limits and it 
depends on the proportion of chloride associated with the hydrosol R Wmtgen 
and M Blitz found the sp conductivity m mhos for hydrosols with the following 
atomic proportions of Cl Fe to be 

Cl Fe 0 1472 0 1354 0 1238 0 1236 0 1132 0 0994 0 0605 

Mho X 10* 1 525 1 240 0 8509 0 7544 0 6460 0 5073 0 4622 

Observations were also made by W Kopaczewsky, R Wmtgen and co workers — 
M Vohl, and O Kuhn — W Pauli and co workers — N Kuhnl, G Walter, J Matula, 
F Rogan, and L Engel — A Gatterer, A Hantzsch and C H Desch, N R Dhar, 
and N R Dhar and D N Chakravarti The conductivity of the sol mcreases with 
ageing, and approaches a constant value K C Sen and co- workers ga\e 30 xlO -6 
to 244 X 10 -6 mho for the conductivity of the negative hydrosol G Malfitano found 
that soln of feme chloride will pass through a collodion membrane without causing 
a change m electrical conductivity , but J Duelaux observed that Graham’s sol, 
with 0 032 gram-atom of iron per litre, gives a colourless liquid by ultra-filtration 
through a collodion membrane, so as to separate the myceha from the mtermycellary 
liquid The original soln had a conductivity of 113xl0“ 8 mho, the filtrate, a 
conductivity of 82 X 10~ 6 mho, and the residue, one-tenth the original, had a 
conductivity of 280 X 10~ 6 mho The removal of the myceha decreased the con 
ductmty , the intermicellary liquid is not changed by its passage through the 
membrane The adsorption of the electrolyte by the membrane is negligible This 
subject was discussed by R Wmtgen and M Vohl, R Wmtgen and M Blitz, 
J Duelaux, E Heymann, A Lottermoser, R Zsigmondy, and Wo Ostwald 
According to H Handovsky, the longer the hydrosol of feme oxide is dialyzed, the 
greater the increase in conductivity with the agemg of the sol , the increase m 
conductivity is said to take place chiefly m the mtermycellary liquid mto which the 
ions move slowly from the myceha A W Thomas and E R Hamburger’s results 
with the hydrosols of feme oxychloride (Cl), and oxybromide (Br) are summarized 
m Fig 532 The effect of agemg is to mcrease the conductivity m both cases 

R Wmtgen and co-workers attempted to calculate the number of molecules 
in a single colloidal particle from measurements of the electrical conductivity and 
the transport numbers, involving a number of very debatable assumptions It was 
found that an aged hydrosol, with 1 601 grms Fe 2 0 3 and 0 06014 grm 01 per 
100 grms of sol, assuming all the particles have the same size, had the average com- 
position of [75 35Fe20 3 7 86HC1 a?H 2 0)FeO] 10 230+10 230C1' A Lottermoser 
found that the H -ion cone of the ultra-filtrates from an aged sol to be the same as 
that of the sol itself, and the myceha are supposed to contain neutral chloride 
and chloride ions The positive charge of the colloid is attributed to the stronger 
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adsorption of the H -ion, and he represented the composition of the particles by 
[(^Fe 2 0 3 2/HC1 zH 2 0)H ] n +(ft— <?)Cr, where qQY represents the chlonde ion corre- 
sponding to the adsorbed H -ion The sp conducts lty of the sol is greater t han 
that of the ultra-filtrates, and A Lottermoser regarded the difference as the true 
conductivity of the mycelia The mobility of the m}ceha rises abnormally with 
increasing dilution in sol containing but a small proportion of chlorine This is 
taken to mean that the mycelia are adsorption complexes, and the abnor ma lity 
is attributed to the displacement of adsorption and hydrolysis equilibria by dilution 
H B Weiser added that there is no need to assume that the hydrosol is an electrolyte 
with complex oxychloride to account for the observed fact that only part of the 
chlorine present appears to be ionic He argued that an indefinitely large number 
of hydrated ferric oxides are possible, and differing amongst themselves in the 
average gram-size, and therefore also m the amount of salt or salt ions adsorbed 
at the surface , as shown by F L Browne, and P Maffia, the colloid of Graham s 
sol adsorbs ferric chlonde and hydrochlonc acid as well as Fe -, H - and Cl'-ions, 
m proportions dependent on the nature of the colloid, the sp adsorption, and the 
cone The preferential adsorption is m favour of the feme and hydrogen ions — 
the chloride ion is not adsorbed so strongly There is a state of eqmhbnum between 
the proportion adsorbed and the proportion m soln Prolonged diabysis involves a 
loss of the adsorbed ions, and this decreases the stability of the sol The adsorbed 
chloride is masked or protected by the hydrated feme oxide, and does not respond 
to the ordinary tests, and it has a negligible effect on a chlorine electrode and is not 
detectable by the potentiometer Hence, continued H B Weiser, it is to be 
expected that the amount of lomc chlorine is less than the total chlorine of the 
soln W L McClatchie studied the H -ion concentration of sols of feme hydroxide 
H Puiggari prepared the hydrosol, with the H -ion cone eq to p H =3 8, by gradually 
adding aq ammonia (90 grins of 28 per cent NH S and 180 c c of water) to 1000 
grms of a soln of hexahydrated feme chlonde m 2000 c c of water, and dialyzing 
for 264 hrs The cone of the H - and Cl'-ions were determined electrometncally 
by W Pauli and J Matula, N Kuhnl and W Pauli, A J Rabmowitsch and 
V A Kargm, P Rona and F Lipmann, R Wmtgen and M Blitz, F L Browne, and 
A W Thomas and A Fneden A J Rabmowitsch and V A Kargm, and H Pall- 
man studied the H-ion activity of the dispersed phase A Lottermoser and 
W Riedel compared the electrolytic and electrokmetic potentials S S Kistler 
discussed the dielectric constant 

A Turparn and B de Lavergne observed that a magnetic field has no effect 
on the dispersion of feme hydroxide, but if some iron, nickel, cobalt, or chromium is 
present, coagulation occurs S Berkman and H Zocher obtained ^=—0 03 X 1(M 
for the magnetic susceptibility of the hydrosol prepared by the dialysis of a soln of 
feme chlonde , P Pascal gave —0 019 X 1(M for a hydrosol with 4 93 grms Fe 
per litre , and 0 Scarpa obtained — 0 4 X 10- 6 to 0 7 x 1(M for hydrosols prepared 
by electrical spluttering The magnetic susceptibility was also examined by 
G Wiedemann, and A du Pre Denning W Hagen observed that the magnetic 
susceptibility decreased linearly with the temp , and R Gans and H Isnar di 
found that it decreased with the temp , and increased with the field-strength. 

According to H Freundhch, the smallest concentrations m mols per litre, 
required for the precipitation of the hydrogel from the hydrosol of hydrated feme 
oxide, are 

KN0 3 iBa(N0 8 ) NaCl IBaCl K SO, MgSO* K t CT t 0 7 

0 0119 0 0140 0 00925 0 00964 0 00020 0 00022 0 00019 

The negative ion apparently exerts the dominant action, and bivalent ions are 
more effective than univalent ions H Freundhch found the order of the precipi- 
tating power of the anions to he chromate > sulphate > hy droxtde 2> salicy late> 
benzoate>chlonde>mtrate>bromide> iodide , and H B Weiser and E B Middle- 
ton, using L P deSt Gilles’ sol, found ferrocyamde>femcyamde>-dichromate> 
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tartrate>&ulphate>oxalate>chromate>iodate>bromate>thiocyanate>chlonde 

>chlorate>mtrate>bromide>iodide According to H £ Weiser, hydrochloric 
acid has two precipitation values for L P de St Gilles* sol, one above the other 
with a zone of non-precipitation between, in which the colloid is less stable than 
the original colloid The degree of reversibility of the precipitation of hydrous 
feme oxide is determined mostly by the specific adsorbability of the precipitating 
ion, although the physical character of the precipitate has an influence Non 
electrolytes, even in cone soln , have very little action A W Dumansky found 
that when the hydrosol is boiled with Fehlmg’s soln , the colloid is precipitated 
along with cuprous oxide 0 Baudisch and W H Albrecht studied the subject 
N R Dhar and R N Mittra discussed the rhythmic coagulation of feme 
hydroxide sol 

Observations on the coagulation of the hydrosol by electrolytes were made by 
II Freundhch and co workers — H P Zeh, K Jacobsohn, V Birstem, G V Slott- 
man, S Wosnessensky, A Brossa, and M Aschenbrenner — E Weitz and H Stamm, 
H R Kruyt and J van der Spek, J Traube and E Rackwitz, A W Dumansky 
and co-workers, E Schalek and A Szegvan, W Knaust, F Haidy, H D Murray, 
S I Dyachkovsky, J N Mukhenee and co workers, B N Desai and P M Barve, 
J Lisiecky, N R Dhar and V Gore, C H Sorum, S Liepatoff, H Mayanagi, 
S G Chaudhury and A Ganguli, H Picton and E Linder, E S Moore and 
J E Maynard, M N Chakravarti and co workers, G Rossi and A Marescotti, 
W Y Bhagwat and N R Dhar, A J Rabmowitsch and V A Kargin, E Deiss 
and G Schikorr, A von Buzagh, W Pauli and co-workers, A Yanek, 
K Jablczynsky and co workers, A Ivamtzkaja and L Orlova, W P Jorissen 
and H W Woudstra, W B Hardy, A Boutanc and co 'workers — M Dupm and 
G Perreau — N Pappada, S Ghosh and N R Dhar, N R Dhar, D Deutsch and 
S Loebmann, W W Taylor, S S Joshi and V L Narayan, and P Rona and 
F Lipmann The results show that univalent amons like the Cl 7 - Br 7 - and I'-ions 
are not very different m their action, but the F 7 -, CyS 7 -, and OH'-ions have a 
particularly high coagulating value Soln of sodium phosphate act between two 
limiting concentrations , the coagulating \ alue of the complex cyanides increases 
with their valency , and the coagulating yalues of the fatty acids, and of the 
sodium salts of the sulpho-salts, are greater the higher their position in the 
homologous series K Hakozaki attempted to express the coagulating power of 
electrolytes by an empirical formula H Freundhch, and S Ghosh and N R Dhai 
found the coagulating values are independent of the age of the hydrosol A Bou- 
tane and G Perreau, H Freundhch, K C Sen and co workers, H B Weiser and 
H 0 Nicholas, H R Kruyt and J van der Spek, and 0 Fodor and R Riwlin 
observed that the coagulating power increases with the concentration of the 
hydrosol, but T Takamatsu found that whilst the coagulating powers of the 
OH'-, SO/ 7 -, C0 3 "-, HPO/'-, FeCy/'"-, and Cr 2 0 7 ' / -ions are proportional to the 
cone of the hydrosol, that of the I 7 -, and CH s C00 7 -ions is dependent on the cone 
of the hydrosol, and that of the Cl 7 - and N0 3 7 -ions is independent of the cone 
of the hydrosol E F Burton and E Bishop found that with some colloids 
The precipitating power — pp — of univalent ions increases, that of bivalent ions 
remains unchanged, and that of tervalent ions decreases with a decreasing con 
centration of the sol H B Weiser and H 0 Nicholas observed that the rule 
does not apply for the hydrosol of hydrated feme oxide , their results, plotted in 
Fig 533, were obtained with a hydrosol having 1 7 grms of the colloid per litre as 
100 per cent 
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On the other hand, R C Judd and C H Sorum found that with a hydrosol quite 
free from chlorides, the coagulation follows E F Burton and E Bishop’s rule 
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Lnder these conditions, the amount of coagulating univalent ion decreases as the 
cone of the sol increases N R Dhar and co workers found that the more con 
centrated the highly purified sols the greater the amount of electrolyte required for 
coagulation, irrespectne of the valency of the 
coagulating ion ^ / g 

A. W Thomas and E R Hamburger studied the ■§ 0 sl~KBrO j 
limiting value, or the average of the amounts of 0 6 fj j i 
sodium sulphate, m millimols per htre, required just ^ 0-4 j I I 

to precipitate and just not to precipitate the hydro ^ 02 ■ ■ j i I 

sols of ferric oxychloride (Cl) and oxybromide (Br), ^ ok ' q — nL 
and the results are summarized m Fig 532 J Du fbrz^ covert^ cdkd 

claux found that m the coagulation of feme oxide 

Sri s c an °j ?*s° so1 ’ s oo f\f am ' 

atoms of iron and 0 (X)166 gram atom of chlonne 

per litre, required almost eq quantities of anions for coagulation, regardless of 
their valency 


0 ZS 50 75 iOQ 

Percentage concentration cdhd 


S0 4 

17 x 10- 6 
P0 4 

19 X 10- 6 


(CH ) C(OH)(COO) 3 
16 5 X 10^ 

OH 

16 1 X 10-* 3 


leCj 6 
13 X IQ- 6 


Cr0 4 

152x10-* 

*0 3 

1880x10“ 


C0 3 

17 X I0~* 
Cl 

2000 20 “* 


The mtrate and chloride ions were found to be exceptional The amount of sulphate 
or hydroxide ion necessary for precipitation was almost eq to the chloride-content 
of the hydrosol He thus regarded the process of coagulation as a definite stoichio- 
metncal, chemical action, % e a double decomposition of the ordinary type 
F Hazel and C H Sorum, H Freundlich and G Lmdau, and P Bona and F Lip- 
mann found that the coagulating value mcreases with the H -ion cone of the soln , 
but the order of the coagulating power of the anions is but little affected by the 
cone of the H -ion Graham’s sol is stabilized by adsorbed H -ions and probably 
also by feme ions Different concentrations of electrolytes are required to neutralize 
the adsorbed ions and to precipitate the sol The cone of the acids required for 
precipitation are greater than those of the potassium salts because the stabilizing 
H ion is more strongly adsorbed than the K -ions W Pauli and eo-^orkers — 
J Matula, G Walter, F Bogan, and W Kuhnl — discussed the displacement of the 
chloride associated with the hydrosol by the coagulating anion , and A T Babmo- 
witsch and Y A Kargm, the effect of the H ion concentration on the exchange of 
ions 

H Freundlich and G Lmdau studied the coagulation \alue of albumen - 
egg-albumen, hemoglobin, paraglobuhn, gelatin, globin, and trypsin , and A Janek 
and B Jirgensons, methyl, ethyl, propyl, and isobutyl alcohols H M Stark 
found that the hydrosol is coagulated by bubbling some gases through the liquid , 
carbon dioxide caused no coagulation , but the iron precipitated by a htre of 
gas was 273xl0~ 7 grm with nitrogen, 317 XlO -7 grm with air, 428xl0“ 7 grm 
with hydrogen, and 453xl0~ 7 grm with oxygen A W Dumansky found that 
when a soln of carbamide is added to a colloidal soln of hydrated feme oxide, 
the time of coagulation mcreases as the cone of the carbamide is diminished, 
but the cone of the colloid has no effect on the process Until the occurrence 
of coagulation, the cone of the coagulating substance is less than its calculated 
\alue, but after coagulation the colloid retains hardly any of the coagulating 
substance The process of coagulation is assumed to occur thus carbamide 
passes readily through the walls of the bubbles of the colloid suspended m the 
water, consequently no coagulation appears at first, but the carbamide soln is 
concentrated within the cells of the colloid until the strain causes them to burst 
and coagulation takes place Under certain conditions, the bubbles of the 
colloid do not burst, but they stretch, thus occupying a larger \ol and finally 
cause the formation of a jelly A W Dumansky prepared colloidal soln of 
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hydrated ferric oxide containing 8 69 grins of barium nitrate, or 2 152 grmg 0 j 
potassium chloride, or 4 gims of potassium nitrate Conductivity measurements 
of mixtures, m various proportions, of colloidal hydrated ferric oxide soln and 
ammonium chloride soln , show that m these mixed soln the ammonium chloride 
distributes itself between two solvents, namely, water and the mols of the colloid 
C E Lmebarger concluded that it is very unlikely that the coagulation or gelatinize 
tion of the hydrosol is comparable with crystallization from supersaturated soln 
because the addition of a small amount of a substance having the power to start 
coagulation in one part of a colloidal soln does not cause the coagulation to spread 
at a certain rate throughout the whole soln , such as would occur with crystallization 
from a supersaturated soln K Jablczynsky and M Soroczynsky studied the 
kinetics of the process of coagulation of sols of feme hydroxide by electrolytes 
K Jablczynsky and M Knaster showed that the speed of coagulation increases 
with the temp between 5° and 45° , and K Jablczynsky and co workers found that 
the coagulation velocities with different umvalent anions are m the proportions 
I' Br' N(y Cr=l 7 92 72 9 1 69 A Fordor and R Riwhn discussed the 
speed of coagulation of the hydrosol According to G H Ayres and C H Sorum, 
the flocculation of hydrosols showed no regular variation with the temp of prepara 
tion, but samples heated to different temp were less stable to a flocculating agent 
the higher the pre-heatmg temp Opaque sols of an orange red colour, produced 
at a high temp , showed considerable sedimentation on standing The colour and 
turbidity of the sols indicate that the oxide is less hydrated the higher the temp 
of preparation, and the oxide is then less stable towards electrolytes than sols 
prepared at a lower temp The decrease m stability and increase m turbidity 
are not due to an mcrease m the gram-size of the particles W Knaust discussed 
the coagulation of the sol peptized by phosphoric acid E S Hedges and 
R Y Henley studied the periodic coagulation of the hydrosol 

The coagulation of the negative hydrosol of ferric oxide by electrolytes was 
studied by H Freundhch and S Wosnessensky, P Rona and F Lipmann, K C Sen 
and co-workers, and A Boutanc and G Perreau 

Mixtures of some electrolytes instead of additively strengthening one another’s 
action, reduce their mutual effect , hence the term antagonistic electrolytes Thus, 
mixtures of feme and potassium chlorides, or of aluminium nitrate and potassium 
sulphate, act as antagonistic colloids in the flocculation of the hydrosol of hydrated 
feme oxide The phenomenon was first observed by H Picton and E Lmder in 
connection with the effects of pairs of electrolytes on the coagulation of the hydrosols 
of arsenic tnsulphide The subject was discussed by K C Sen, A Rabinerson, 
A Lottermober and K May, and S Ghosh and N R Dhar It is supposed that the 
antagonistic effect is due to the interference of the one precipitating ion on the 
adsorption of the other A Boutanc and M Dupm observed that m the mutual 
flocculation of the hydrosols of hydrated feme oxide, and arsemous sulphide, when 
an insufficient quantity of either sol to cause the flocculation of the other, is added, 
and the mixture is allowed to stand a few days, the soln becomes increasingly 
sensitive to further additions, so that a total quantity of so little as one-twentieth, 
of the quantity required on a first addition is needed to produce flocculation 
The phenomenon is analogous with anaphylaxis, where an animal, a few weeks 
after a single injection of protein, becomes extremely sensitive to a second 
injection which would otherwise be harmless N P Peskoff and Y I Sokoloff 
found that when the hydrosol is treated with just sufficient magnesium sulphate to 
start coagulation, the addition of low concentrations of hydrochloric acid mcrease 
the stability of the colloid, whilst high concentrations decrease it, although coagula- 
tion is ne\ er complete When sulphuric acid is used as coagulant, the presence of 
hydrochloric acid mcreases the instability to a greater extent than m the case of 
magnesium sulphate 

Protective colloids, or retarders, act by hindering the coagulation of hydrosols, 
and thus make hydrosols more stable — vide supra Some substances, called 
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sensitizers, increase the sensitiv eness of the hydrosol to coagulation by electrolytes 
— particularly by univalent chlorides, bromides iodides, or nitrates which hav e a 
'weak coagulating \alue Thus, H Freundlieh and P Rona observed this to be 
the case m the presence of urethane, camphor, thymol, anry 1 alcohol, acetone, 
phenolthiourea, and tributynne Electrolytes which ha\ e a stronger coag ulating 
value — like the fluorides, sulphates, and citrates — do not hav e so marked an effect 
H R Kruyt and 0 F v an Duin observ ed that the presence of phenol, or, better, of 
isoamyl alcohol, fa\ ours the coagulation power of potassium chloride or sulphate , 
A Janek and B Jirgensons observed that methyl, ethyl, propyl, and isobutyl 
alcohols hav e a similar effect on the precipitation v alue of soln of sodium chloride , 
B N Ghosh found that thymol, urethane, and amyl alcohol accelerate the coagula- 
tion of the hydrosol H Freundlieh and G Lindau, egg-albumen, and serum 
paraglobuhn , and S G Chaudhury and A Ganguh found that the hydrosol is 
more sensitive towards coagulation in the presence of methyl and ethyl alcohols, 
and pyridine , urea sensitized it towards potassium chloride and sulphate , and 
glycerol, towards potassium sulphate and ferroeyamde 

According to A Brossa and H Freundlieh, when the hydrosol is added to a soln 
of albumin, free from electrolytes, the particles of alb umin and of hydrated ferric 
oxide are positively charged, but not so strongly as the particles of hydrated feme 
oxide when alone Hence, the hydrosol of hydrated feme oxide and albumin 
behaves as a positive suspensoid, which is precipitated by small cone of electrolytes 
In the precipitation by electrolytes the nature of the anion, its v alency, and tendency 
to adsorption are of importance The quantity of electrolyte necessary to precipi- 
tate the complex sol is much less than that required to precipitate the pure hydrated 
ferric oxide sol , consequently the complex sol has become more sensitive The 
sensitiveness can be further increased by adding albumin sol to the alb umin -ferric 
oxide sol With large cone of electrolytes, the particles first precipitated are 
re-dissolved , in this case, as in the peptization of glob ulin and casein sols, the nature 
of the anions is determinative, in so far as the high valency anions and organic 
anions (for example, SO/ 7 , picrate ion, citrate ion) show their action at much smaller 
cone than the others Albumin is not quantitatively combmed with the hydrated 
feme oxide sol, but divided between the sol and the soln The partition does not 
follow a simple adsorption isotherm, but the quantity adsorbed is proportional to 
the concentration for small alb umin cone , w hils t at high cone , a saturation \alue 
is reached The adsorption does not appear to be reversible With increasing cone 
of hydrated feme oxide, the sensitiveness of the complex sol decreases, and 
approaches more nearly to the pure hydrated feme oxide sol in its properties The 
alb umin hydrated feme oxide sol is somewhat more turbid than the hydrated feme 
oxide sol, but it cannot be resolved into its constituents m the ultra microscope 
This is easier m the region where no precipitation is possible, and most easy in 
those sols to which an excess of albumin soln has been added The whole of the 
phenomena of precipitation and re-solution are explained by the adsorption of the 
anions of the soln , and depend on the discharge and then re-charging of the particles 
If instead of adding an electrolyte to a hydrated feme oxide albumin sol an albumin 
sol containing an electrolyte is precipitated with hydrated feme oxide sol, it is seen 
that m many respects the relationships are identical, particularly m the amount of 
hydrated feme oxide combmed with the albumin Differences noticeable in the 
nature of the precipitation can be explained by assuming that the changed conditions 
have affected the rate of coagulation The action was also studied by W Pauli and 
L Flecker, H Freundlieh and G Lindau, H Freundlieh and co-workers — G Lmdau, 
and S Wobnessensky — and J Reitstotter A similar effect was observed with 
soln of albumin, paraglobuhn, hsemaglobm, and globrn , and W Beck found that 
lecithin and cholestenn, R Wmtgen and E Meyer, gelatin, and S Ghosh and 
N R Dhar, gelatin, albumin, and tannin, act m the same manner The sensitiza- 
tion effect is attributed to the lowering of the surface charge on the particles as a 
result of the adsorption of a substance with a lower dielectric constant than water , 
vol xra 3 i 
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but L Mitkaelis and P Rona could not detect any adsoiption of these non 
electrolytes by the hydrosol of ferric oxide, noi could they detect any effect due tc 
their presence on the adsorption of electrolytes The subject was discussed by 
H Freundhch and co workers — P Rona, and G Lmdau — and by W Pauli and 
L Flecker Y Matsuno, V Henri and A Mayer, and W P Jonssen and 
H W Woudstra found also that exposure to the /3-rays of radium favours the 
coagulation of the hydrosol by electrolytes 

H B Weiser and E B Middleton showed that when a positive colloid like 
hydrated ferric oxide is coagulated by electrolytes, the negative precipitating ion 
is adsorbed , but the order of precipitating power and the order of adsorption are 
not the same This is because the adsorption measured is ion adsorption plus 
adsorption of neutral salt, so that one effect may mask the other H Freundhch 
observed that colloids may show a kind of acclimatization, for the hydrosol of feme 
oxide requires less electrolyte for precipitation when it is added all at once to what 
is required, than when it is added step-wise with long intervals of time, and particu 
larly when the slow addition produces a fractional precipitation of the sol This is 
expressed by saying that the colloid becomes acclimatized to its surroundings when 
the electrolyte is added slowly, and so more is required to produce a given result 
V NT Krestmskaja and 0 S Moltschano\ a said that the effect is due to slow chemical 
changes produced by a reaction of the colloid with the added electrolyte 
H B Weiser added that the effect of the addition is not necessarily due to the 
adaptability of the colloid to the electrolyte, because fractional precipitation not 
only remo\ es ions by adsorption but it alteis the stability of the soln by decreasing 
its concentration The factors which determine the excess for slow rates of precipi 
tation are ( 1 ) the extent of the fractional precipitation , ( 11 ) the adsorbing power 
of the colloid , (in) the adsorption of the precipitating ions , and (iv) the effect of 
the dilution of the soln on the precipitation cone of electrolytes 

The mutual coagulation of hydrosols — A Lottermoser, and W Blitz observed 
that a positively charged hydxosol like that of hydxated ferric oxide is coagulated 
by a negatively charged hydrosol Complete flocculation occurs only within certain 
limiting proportions of the two hydrosols , with other proportions, the coagulation 
is incomplete The phenomenon was observed with silicic acid, by T Graham, 
W M Simakoff, W Biltz, A W Thomas, and N Pappada with the hydrosols of 
selenium, cadmium sulphide, stannic acid, tungsten-blue, molybdenum blue, and 
platinum, by W Biltz , with humus, by H Udluft , with mastic, b} M Neisser 
and U Friedemann , with arsenic or antimony trisulphides, by W Biltz, H Freund 
hch, A W Thomas, J Billitzer, and M Neisser and U Friedemann , manganese 
dioxide, by E Deiss, H Udluft, and W M Simakoff , with vanadic acid, by W Biltz, 
and H Fieundhch and W Leonhaidt , with ferrous hydroxide, by E Deiss and 
G Schikorr, with gold, by W Biltz, and A Galecki and M S Kastorskij , and 
with silver, by A Rabmerson, and F Doennckel, who found that the heat of coagula 
tion reaches a maximum with 60 to 70 per cent of silver hydrosol, and then falls 
off rapidly Optimum coagulation occurs with 70 to 80 per cent of sih er colloid 
R Wmtgen and E Meyer, R Wmtgen and M Vohl, D C Bahl, H B Weiser and 
co workers, and H Fieundhch and G Lmdau observed that the hydrosol of 
gelatin coagulates the hydrosol of hydrated feme oxide According to R Wmtgen 
and E Me} er, when constant amounts of a sol of hydrated feme oxide are mixed 
with increasing amounts of gelatin soln and water to give constant final vols , two 
types of flocculation arc obtained according as the necessary amount of water is 
added to the hydrated feme oxide or the gelatin soln When the water is added to 
the gelatin soln , flocculation commences at a well-defined point and the amount of 
precipitate increases to a maximum When water is added to the sol of hydrated 
feme oxide, for increasing amounts of gelatin, the commencement of the floccu- 
lation is well marked, this is followed by an increasing flocculation to a rather 
indefinite maximum, there is then a sudden fall to a point of no flocculation, and 
finally, a renewal of increasing flocculation The amount of gelatin required for 
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the first flocculation decreases with increase in the cone and the age of the initial 
gelatin soln For a series of dilutions of ferae hydroxide sols of different origin, 
the amount of gelatin required for flocculation decreases m a linear manner with 
the dilution for typical colloidal sols, but decreases m a linear manner with the 
cone of semi colloidal sols, contaimng much hydrochloric acid The first case is 
regarded as a simple mutual flocculation, and the second as involving, m addition, 
an increasing dispersion of the gelatm with mcreasmg amounts of hydrochloric 
acid H Udluft found also that coagulation occurs when the hydrosol of hydrated 
ferric oxide is mixed with humus , A Rabinerson, with prussian blue, night blue, 
dextrin, albumin, or silver , M Neisser and U Fnedemann, with mastic , and 
R Ellis, with oil emulsion E A Schneider observed no flocculation of the 
hydrosol of hydrated feme oxide by the hydrosol of gold sulphide 

According to W Blitz, complete coagulation occurs only when a sol of one sign 
is neutralized by adsorption of an amount of colloid carrying eq ions of the opposite 
sign The amounts required for the purpose vary with their nature In one case, 
the positive hydrosol of ferric oxide was more effective than the hydrosol of cerous 
oxide, and less effective than the hydrosol of thona in coagulating the hydrosol of 
gold , while the hydrosols of both thona and cerous oxide were more effective 
than positive hydrosols of hydrated ferric oxide m coagulating the hydrosols of 
antimony and arsemc sulphides A W Thomas and L Johnson found that there 
is a chemical equivalence between the peptizing agents of the positive h} drosol of 
hydrated ferric oxide peptized by ferae chlonde and hydrosols of silicic acid peptized 
by sodium silicate, provided the ratio of the peptizing agent to the disperse phase 
falls within a certain range , outside this range, the coagulation appeared to be erratic 
The precipitations showing chemical equivalence between the peptizing agents at 
maximum coagulation exhibit little variation m the coagulation ratios with dilution, 
whilst those show mg a divergence from chemical equivalence approach the chemical 
equivalence on dilution The mutual coagulation of hydrosols of hydrated ferric 
oxide and silicic acid is thus assumed to be due to the removal of the peptizing agent 
by chemical action between them It is also possible that the mutual coagulation 
of the hydrosols of arsemc trisulphide and of hydrated ferric oxide is due to the 
chemical reaction S"+2Fe =S+2Fe H B Weiser added that m order to 
obtain data supporting the chemical reaction theory, it appears to be necessary to 
choose the experimental conditions to fit the case R Wintgen and H Lowenthal 
found the reciprocal coagulation of oppositely charged sols is a maximum when the 
cone of the sols expressed m equivalent aggregates are the same, meaning when 
equal numbers of charges of opposite sign are mixed J Bilhtzer found that 
gelatin forms a positive sol m acid or neutral soln , and so precipitates negative 
sols, but not positive ones like the hydrosol of hydrated ferric oxide , on the other 
hand, gelatm in ammomacal soln forms a negative sol, and precipitates the hydrosol 
of hydrated ferric oxide If gelatm is first added to the colloidal ferric oxide and 
afterwards ammonia, a stable mixture of positive sols is changed to a stable 
mixture of negative sols 

F Powis observed that the positively charged hydiosol of hydrated feme oxide 
is precipitated by the negatively charged hydrosol, and vice versa The positively 
charged tty drosol of ferrous hydroxide was found by A Sehmauss to be coagulated 
by the negatively charged hydrosol of hydrated ferae oxide , but D Vorlandei 
found that, m general, the negative hydrosol of hydrated ferae oxide is not coagu- 
lated by negative hydrosols 

N Pappada observed that, m general, the coagulation of the hydrosols by non- 
electrolytes does not occur , thus, A Janek found that the hydrosol of hydrated 
ferric oxide is not coagulated by benzene, chloroform, and ether, or by mix tures of 
these liquids, but x partial coagulation was produced by carbon disulphide 
Y Matsuno found that sugar soln are inactive, but cone soln of ethyl alcohol 
flocculate the hydrosol A W Dumansky found that urea coagulates the hydrosol 
very slowly , whilst P P von Weimarn and A W Alexejeff observed that when 
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the hydiosol is shaken with tuipcntme, a coagulum collects at the boundaiy suiface 
of the two liquids , and H Freundlich and S Loebmann obtained an analogous 
lesult with benzene 

A W Dumansky observed that the coagulation of the hydrosol by mechanical 

agitation can be produced For instance, the hydrosol is slowly coagulated when 
it is treated m a centrifuge ha\ mg 4000 re\ olutions per minute H Freundlich 
and H Kroch obsened that the hydrosol obtained from iron pentaearbonyl 
coagulates readily durmg 20 hrs 5 stirring with 500 revolutions per minute, but not 
so with the hydrosol produced by the hydrolysis of feme chloride H Freundlich 
and S Loebmann compared the result with the coagulation produced with turpentine 
or benzene — vide supra — but here the coagulation occurs at the boundary surface 
of hydrosol and air According to E Schalek and A Szegvari, if a 5 or 10 per cent 
hydrosol of hydrated feme oxide is mixed with a small proportion of an electrolyte, 
it gradually forms a pasty hydrogel which easily becomes liquid when it is agitated 
Gelatmization again occurs on standing, and the alternate sequence of changes 
sol->gel-»sol~> can be repeated indefinitely This isothermal, reversible 
transformation Sol^Gel, by mechanical agitation, vas called by T Peterfi, 
thixotropy — from BLi-is, the act of touching , and vperreiv, to change The phe 
nomenon was studied by H Freundlich and co-workers — A Rosenthal, W Rawitzer, 
and K Sollner — N Mannesco, A de Waele, A Pans, E A Hauser, S S Kistler, 
W Heller, D Deutsch, P Barry, E L McMillen H A Ambrose and A G Loomis, 
and A Kutzelmgg and W Wagner The speed of gelatmization is reduced 
in the presence of some hydroxyhc hydrophiles like the ammo acids, sugar, and 
increasing cone of the H -ions , and it is increased by a nse of temp , the addition 
of sensitizers — like ethyl alcohol, agar agar, gelatin, and saponm — and by 
electrolytes with anions of a high valency R Wilson and T C Poulton found that 
there is a coagulation by pressure of a colloidal soln of feme hydroxide— in 
30 mins at 100 atm , and immediately at 300 atm press 

N Sahlbom found that coagulation by capillary action occurs when long 
strips of filter-paper are immersed in positive hydrosols, the precipitation takes 
place at the surface of contact , but negative hydrosols rise through the capillary 
network without hindrance The precipitation of the positive colloids is not due 
to chemical action, but to the setting up of an e m f as a consequence of the stream- 
ing of the liquid through the capillaries , this potential difference brings about the 
discharge of the positively charged colloidal particles If the capillaries are not 
sufficiently narrow, the resulting e m f is not large enough to give rise to complete 
precipitation, and a rise of the positn e colloid is observed According to F Fichter, 
when a drop of a dialyzed hydrosol of hydrated feme oxide is placed on a glass 
plate, and a second plate is allowed to sink slowly so as to make a pair of parallel 
plates, the thin layer of soln between the plates exhibits a sharply defined, circular, 
opalescent zone in consequence of the precipitation of the positive colloid The 
critical distance between the plates necessary for the precipitation is 0 0322 mm 
Negative colloids do not show the phenomenon, and A W Thomas and 
J D Garard obsened the phenomenon only with concentrated, positive hydrosols 

H Picton and E Lmder obsened that in many cases coagulation by freezing 
occurs so that the hydrosol is flocculated by freezing, or by alternate freezing 
and thawing, but with the hydrosol with much adsorbed chlonde, no change occurs 
Similar results weie obtained by 0 Bobertag and co-workers, A Heiduschka, 
N Djubawin, and A W Thomas and A Fneden S I Dyachkovsky found that 
the coagulation by freezing is prevented by alcohol The coagulation by heat 
was examined by N R DharandS Piakash T KatsuraiandT Watanabe beated 
the hydrosol between 120° and 180° m an autoclave, and found the products all 
possessed good quality red colours with X-radiograms like that of haematite — wide 
infra, hydrogels W Knaust found that the hydrosol of ferric hydroxide coagulated 
m 45 mms at 100° , m 150 nuns at 80° , and m 480 mans at 60° H Stmtzmg, 
S Roy and N R Dhar, J R I Hepburn, A Lottermoser and F Langenscheidt 
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and A Boutaric and Y Marnere observed no tendency to coagulation by exposure 
to light 9 but P Lai and P B Ganguly noted the coagulation of the hydrosol m 
ultra-violet light, and A Boutanc and J Bouchard found that if fluorescent sub- 
stances — eosin, rhodamine, fluorescein or erythrosm — are present m the soln the 
flocculation is faster in daylight, and faster still in ultra-violet light V Henri 
and A Meyer, and W P Jonssen and H W Woudstra observed no tendency to 
coagulation by exposure to the £-rays of radium, although A Boutanc and M Roy, 
and A Fernau and W Pauli said that coagulation does occur with a prolonged 
exposure to the jS-rays H Picton and E Linder, and W Blitz observed that 
coagulation by an electnc current occurs as a flocculation about the cathode — 
vide supra , electrophoresis H Puiggan observed that the rate of coagulation is 
proportional to the current strength and time , with a current strength of 0 003 
ampere, no coagulation occurs A nse of temp favours coagulation B N Ghosh 
found that the coagulation of the hydrosol, by potassium chloride, sulphate, 
oxalate, or femcyamde, by sodium hydroxide, or by aniline sulphate, begins when 
the electrokmetic potential falls below 32 millivolts 

Adsorption phenomena — According to H Udluft, dolomite adsorbs the 
hydrosol of feme oxide bat not that of manganese dioxide , clay adsorbs both The 
two hydrosols exert a protective action on one another, but humus precipitates 
from the hydrosol hydrated feme oxide but not hydrated manganese dioxide 
Hydrocarbonates precipitate hydrated ferric oxide when unprotected, but not 
hydrated manganese dioxide and humus soln M Geloso also examined the 
adsorption of the hydrosol by manganese dioxide N Carh observed that china 
clay adsorbs the hydrosol very slightly, if at all P Rohland pointed out that the 
adsorptive powers of clays depends on the colloidal matter present in the clay , 
and some clays contain virtually none H Freundhch and A Poser, and H Udluft 
also observed that china clay adsorbs the hydrosol A Fodor and A Rosenberg 
found that china clay adsorbs colloidal feme hydroxide from soln of ferric chloride, 
partially hydrolyzed, but colloidal alumina is not adsorbed, so that a separation of 
the two can be effected The acid formed by the hydrolysis is not adsorbed by 
the clay, so that the hydrolysis reaches a state of equilibrium Talc also adsorbs 
the colloidal hydroxide and also neutralizes the acid, so that talc causes a complete 
hydrolysis of the soln of feme chloride Finely-ground sea sand was also found to 
adsorb the hydrosol H Freundhch and A Poser obser\ed no adsorption by 
alumina E Wedekind and H Rhemboldt observed that the hydrosol is decolorized 
when it is shaken with hydrated zirconium oxide N Carh found that the adsorption 
of the hydrosol by animal charcoal does not follow the usual adsorption law, for the 
amount of adsorption is independent of the vol of the hydrosol and the amount 
of colloid present, but is directly proportional to the weight of the charcoal On 
the other hand, A W Thomas and T R le Compte said that purified charcoal 
adsorbs no hydrosol The action of technical charcoal is not due to adsorption, but 
to a flocculation m consequence of the presence of electrolytes A Fodor, and 
H Freundhch and A Poser also observed the flocculation of the hydrosol by 
charcoal 

According to Y Mat&uno, the hydrosol of feme oxide readily adsorbs acid dyes , 
H Haber studied the adsorption of potassium femcyamde, and potassium cuprous 
cyamde , H Freundhch and W Rawitzer, tyrosine , and L Michaehs and P Rona, 
albumen — grape sugar is not adsorbed A Boutanc and F Banes observed that 
the mycelial liquid adsorbs dyes more readily than does the coagulum E Baur 
and 0 Nagel said that the hydrosol can be employed to adsorb the noble metals 
from sea-water The adsorption of electrolytes has been previously discussed m 
explaining some of the phenomena connected with the flocculation of the hydrosol 
The subject was discussed by N Schiloff and A Iwamtzkaja, and S Ghosh and 
N R Dhar A Lottermoser and P Maffia, and Wo Ostwald found that the 
adsorption of chlorme ions by the m)ceha proceeds in accord with the normal 
isotherm S Ghosh and N R Dhar found that the H ions are strongly adsorbed 
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H B Weiser, and H B Weiser and E B Middleton noted that the adsorption of 
the anions proceeds in the following order phosphates>citrates>tartrates> 
oxalates>sidphates>iodates>dichromates , and H B Weiser and E E Porter 
found that with increasing ^n-values, the oxalates are less and less adsorbed 
The solubility of gases in the hydrosol of hydrated feme oxide — According to 
A Findlay and B Shen, the solubility of hydrogen m the hydrosol of hydrated ferric 
oxide is not appreciably diSerent from its solubility m water , and G Geffcken 
made a similar remark with respect to oxygen , for the solubility of that gas m the 
hydrosol at 25° is 0 03084, and m water, 0 03080 The solubility of nitrous oxide 
m the hydrosol at 25° is less than it is m water, for the respective solubilities m the 
hydrosol and m water are 0 5793 and 0 5942 A Findlay and H J M Creighton 
observed for the solubility, 8, at different press , p mm , of soln with C grin of 
Fe(OH) 3 per 100 c c of sol 


flog ip 758 

C ~ UWo 1 8 0590 

C '= 149 \ P S ] 3 0 586 

6'-= 4 061 '°0 578 


846 934 1010 

0 586 0 584 0 

828 935 1078 

0 579 0 577 0 

835 883 1093 

0 573 0 571 0 



1121 

1383 mm 

588 

0 588 

0 588 


1215 

1432 mm 

581 

0 585 

0 586 


1208 

1358 mm 

574 

0 579 

0 580 


Observations were also made by A Findlay and 0 R Howell A Gatterer found 
for the solubility of acetylene m the hydrosol, expressed in terms of the vol of gas 
absorbed by unit vol of liquid at the given temp and press 



30 

25 ° 

20 

35 ° 

10 

0 871# 

0 9400 

1018 

1 111 

1227 

1364 

0 521# 

0 9360 

1 016 

1 111 

1224 

1364 

0 336# 

0 9495 

1029 

1 126 

1241 

1383 

0 1 2# 

0 9450 

1 026 

1 126 

1236 

1 379 


The solubiht} of carbon dioxide m the hydrosol is greater than it is in water alone , 
and it does not follow Henry’s law G Geffcken stated that with carbon dioxide 
there is a comparatively rapid initial adsorption followed by a slow contmuation of 
the adsorption A Findlay and H J M Creighton found that the slow adsorption 
is barely appreciable even at high press , and, m general, for press below atmospheric, 
the increase in solubility is proportional to the cone , G grm Fe(OH) 8 per 100 c c 
of the hydrosol 


0=0 569 g 769 848 

0=0 854 g 76 0 862 

0-1277 g 74 « 8g6 

^0 904 


846 928 1015 

0 843 0 841 0 

847 923 1090 

0 858 0 856 0 

841 985 1071 

0 881 0 880 0 

831 918 1002 

0 901 0 896 0 



1146 

1356 mm 

842 

0 845 

0 846 


1234 

1322 mm 

857 

0 860 

0 861 


1133 

1256 mm 

878 

0 878 

0 887 


1150 

1267 

900 

0 900 

0 902 


A Gatterer found the effect of temp on the solubility, expressed as the vol of gas 
absorbed by unit vol of solvent, at the given temp and press , to be 



30 

20 ° 

15 

10 

5 

(0 071# 

0 8533 

0 9610 

1095 

1267 

1471 

0 144# 

0 8764 

0 9870 

1 123 

1297 

1503 

0 293# 

0 9063 

1016 

1 154 

1 326 

1 534 

0 513# 

0 9526 

1066 

1204 

1379 

1584 

V0 967# 

1032 

1 149 

1291 

1470 

1 680 


Observations were also made by A Findlay and co workers — W H Harby, 
0 R Howell, G King, and T Williams The deviations of the solubility of carbon 
dioxide m the hydxosol were attributed by R Luther and B Krsnjavi to the 
formation of complexes 

H B Weiser and G L Mack 2 obtained organosols with methyl and propyl 
alcohols J Duclaux, 8 and R J Eepfer and J H Walton studied the catalytic 
action of the colloid on hydrogen dioxide , and R Stumper, the effect of the colloid 
on the late of evaporation of water 



IRON 


855 


Reffbences 

1 J Alexander Koll Zeit 36 334 192*5 F Allison and E J Murphy, Joum Amer Chern 
Soc , 52 3796, 1930 G Almkvist Zeit anorg Chem 103 240, 1918 HA Ambrose and 
A G Loomis Physics 4 265 1933 E Angelescu and G Balaneseu Koll Zeit 47 207 1929 
M Annetts Journ Phyi Chem 36 2936 1932 U Antony and G Giglio Gazz Chtm Ital 
25 1, 1895 R Audubert, Compt Pend 195 210,306 1932 Joum Chim Phys, 30,89 1933 
G H Ayres and C H Sornm, Joum Phys Chem 34 2629, 2826, 1930 35 412 1931 , 36 
875, 1931 H J Babel, Mechamschen Peptisation der Oxyhydrate des Exsen ?, Cadmiums und 
Wxsmuts m Qegenu art ion Rohrzucker, Leipzig 1927 A Bach , Rev Gen Colloid es, 18 52,1920 
W Bachmann, Koll Zeit , 47 49 1920 D C Bahl, ib , 59 60, 1932 W D Bancroft, Journ 
Phys Chem ,19 232 1915 Applied Colloid Chemistry, New York, 1921 A G Banns and M Mas 

nera, Anal Fts Quim 31 236 1933 P Bary Rev Gen CoUoxdes 5 517 1927 6 209 1928 

Compt Rend 186 1539 1928 187 538 1928 196 183 1933 O Baudisch and W H Albrecht 
Natumnss , 20 630 1932 F BaurandO Nagel German Pat ,D RP 272654 1012 A Bechamp 
Ann Chim Phys , (3) 56 307 1859 (3), 57 293, 1850 W Beck Bxochem Zeit 156 473 1925 
F Beilstem and R Lnther, Bull Acad St Petersburg (2), 84 159, 1892 A M Belvasoff A G Be 
lousovaandM A Tjmokhma, Journ Phys Chem USSR 1 511 1930, J M vanBemmelen Zeit 
anorg Chem , 36 380, 1903 T M van Bemmelen and E Klobbie Joum prakt Chem (2), 46 
497, 1892 , Zeit anorg Chem 20 185 1899 , S Berkman and H Zocher Zeit phys Chem , 124 
323, 1926 M Berthelot Ann Chim Phys , (4) 30 178 1873 S S Bhatnagar and I) C Bahl 
Koll Zeit , 50 48 1930 S S Bhatnagar, R S Gupta, K G Mathur and K N Mathnr Zeit 
Physik, 56 684,1929 W V Bhagwat and N R Dhar Journ Indian Chem Soc, 6 781 1929 

J Bilhtzer Sitzber ATcad If ten, 113 1176 1004, Zeit anorg Chem 51 148 1905 W Biltz 

Zeit Elektrochem 14 567, 1908 Ber 35 4431 1902 37 1095, 1904 W Biltz and A von 
Vegesack Zeit phys Chem 68 374 1910 , O Bobertag K Feist and H Y Fischer, Ber 41 
3676 1908 , J Bohm Roll Zeit , 42 284 1927 Zeit Kn/st , 68 567, 1928 Zeit anorg Chem , 
149 203, 1925 J Bohm and H Niclassen, ib 132 2, 1024 A Boutanc Bull Acad Bdg (5) 
10 560, 1924 Joum Chim Phys 25 120 1928 Rev Gen Colloides 4 585 1927 5 589 1927 
Bull Soc Chim , (4), 43 146, 1927 A Boutanc and F Bancs Compt Rend 186 1003, 1928 
187 117, 1928 , A Boutanc and J Bouchard, i b 191 613, 1930 192 95, 1931 , Joum Chim 
Phys 29 18, 1932 , A Boutanc and M Dupm Bull Soc Chim (4) 43 44 1928 Compt 
Rend 184 326 1927 180 754 1929 , A Boutanc and Y Mamere, BvU Acad Belq (5), 10 

576,1924, A Boutanc and G Perreau, Journ Chim Phys ,24 496, 1927 27 250 1930 Rev 

Gen CoUoxdes ,6 1, 1928 Compt Rend, 184 815 1927 190 868 1930, Bull Acad Belq (5) 

14 666 1928 Journ Pharm Chim (8), 8 211 1928 A Boutanc and M Ro}, Compt Rend 
196 1020 1933, A Boutano and C Tourneur xb 193 1011 1031 G J Bouyoucos, Sod 
Science 23 243 1927 , R Bradfield, Journ Amer Chem Soc 44 965, 1922 A Brann, tb , 40 
1182, 1918 F Braun Phys Zeit 5 199, 1904 G Bredig Zeit Elektrochem 4 514, 1898 Zeit 
phys Chem , 34 258 1899 A Brossa and H Freundlich, ib , 89 297, 306, 314, 1915 
F L Browne, Journ Amer Chem Soc, 45 311, 1923 F L Browne and J H Mathews xb 
43 2336, 1921 , V Brunig, Brit Pat No 195089, 1913 , G Brum and N Pappada Atti Accad 
Ltncet, (5), 9 l, 354 1900 , E G Buchner and A H H van Royen Koll Zeit 49 249 1929 
A P Buntin, Journ Russ Gen Chem , 1 943 1931 , E F Burton, Phil Mag (6) 11 441 
1906 E F Burton and E Bishop, Joum phys Chem , 24 701 1920 A von Buzagh, Koll Zeit 
41 176, 1927 43 217 1927 44 156 1928 A F G Cadenhead and W H \ming, Canadian 

Chem Met , 8 65, 1924 F K Cameron and W O Robmson Journ phys Chem 11 690 
1907 , N Carh, Zeit phys Chem 85 263, 1913 M N Chakravarti, S Ghosh and N R Dhar, 
Joum phys Chem , 34 326, 1930 K Chantsclikoff, Journ Russ Phys Chem 52 91 1920 
N G Chatter]! and N R Dhar Chem Neus 121 253 1921, Trans Faraday Soc 16 122,1921 

S G Chaudhury and A Ganguh Joum phys Chem , 32 1872 1928, G L Clark, CoUotd 

Symposium Monograph 4 145 1926, T Cohen, Journ Amer Chem Soc, 36 19, 1914 
F W O de Conrnok, BuU Acad Bdg , 34 1907 , O M Corbmo, Atti Accad, Lxncei, (5) 19 l 743 
1910 , Phys Zeit , 11 756 1910 A Cotton and H Mouton, Ann Chim Phys , (8), 11 175 
1907, Compt Rend, AM 349 1905 142 203,1906, Les ultramicroscopes et les otyets ultramicro 
scoptques * Pans, 166 1906 J A Crovther and J A Y Fairbrother, Phil Mag , (7), 4 325 
1927 , H Debray, Journ Pharm Chim , (4), 10 185, 1869 Compt Rend , 59 174, 1864 
68 914, 1869 BuU Soc Chim, (2) 12 347, 1869, Ber, 2 190, 1869 B N Desai and 
P M Barve, Nature 128 907, 1931 B N Desai and S K Borkar, Trans Faraday Soc 29 
1269, 1933 , B N Desai, G M Nabar and P M Barve Journ Indian Chem Soc 9 463, 1932 
E Deiss, Kcitt Zeit, 6 76,1910, E Deiss and G Schikorr, Zeit anorg Chem ,172 32,38 1928 
D Deutech, Zeit phys Chem , 150 161 1930 D DeUtsch and S Loebmann, Koll Zeit , 46 

22, 1928 , N R Dhar, Zeit anorg Chem , 162 237, 1927 Joum Amer Chem Soc 52 4170 

1930 , Joum phys Chem , 29 1394, 1925 , N R Dhar and D N Chakravarti A oil Zeit , 42 
121, 1927, Zeit anorg Chem , 168 210, 1928 N R Dhar and V Gore, Journ Indian Chem 
Soc , 6 31,641 1929 N R DharandR N Mittia, Nutate, 129 761 1932 BuU Acad Agra,t 60 
1932, N R Dhar and S Prakash Joum Phys Chem , 34 954,1930 S I Diatschkowsky, Journ 
Russ Phys Chem Soc , 61 423, 1929 Journ Russ Gen Chem 1 964, 1931 , H Diesselhoxst 
and H Freundlich Phys Zeit , 17 125 1916 H Diesselhorst, H Freundlich and W Leonhardt, 



856 


INORGANIC AND THEORETICAL CHEMISTRY 


Elstei and Oeitel 8 Festschrift, 468 1915 , C Doelter, Das Radium und die Farben, Dresden, 1910 
Tschermak 8 Mitt , (2) 28 559 1909 , F Doermckel, Zeit anorg Ghent , 66 20 1910 67 161, 
1910, L Dozzi, Gazz Ospedah Chim , 41 182, 1920, J Dnclaux, Journ Chan Phys , 5 33 

1907 , 7 405,1909, Les coUotdes, Pans, 1922, Compt Bend , 138 144 809 1904, 143 296, 

1906 , 140 1448, 1468, 1544, 1905 143 296, 344, 1906 , 147 134, 1908 , Roll Zeit , 3 126, 

1908 J DuclauxandR Titeica, Compt Rend , 189 10,1929, Rev Gen Colloides, 8 251, 1930, 

A W Dumansky, Roll Beihefte, 31 418,1930, Bemmden 8 Gedenboek 21, 1910, Journ Rues 
Phys Chem Soc , 36 1067 1904 , 37 213, 502, 1905 38 595, 1906 39 743, 1907 43 546 

1911 Roll Zeit , 1 300 1907, 2 10, 1908, 8 232, 1911, 60 39, 1932, A W Dumanskyand 
N Bondarenko, Journ Gen Chem Russ 1 933, 1931 A W Dumanskj A Buntrn and 
A Kniga, Journ Russ Phys Chem Soc , 41 108, 1927 , A W Dumansky and S E Charm, 
Journ Gen Chem Russ , 1 937, 1931 A W Dumansky and Z P Chesheva, ib , 1 325, 1931 
Journ Russ Phys Chem Soc , 61 1345, 1929 62 1131 1930 A W Dumansky and 
T A Granskaya, ib , 62 1879 1930 A W Dumansky, T A Granskaya and M P Lonskaya, 
Journ Gen Chem Russ , 1 295, 1931 , A W Dumansky and L G Krapiwina Roll Zeit , 50 
73, 1931, Journ Russ Phys Chem Soc , 62 1713, 1930, A W Dumansky and V S 
Putschkousky, ib , 62 2249 1930, A W Dumansky and P A Scherschneff, ib , 62 187, 1930, 

A W Dumansky and V M Simonova, Journ Gen Chem Russ, 1 209 1229 1931, 

A W Dumansky and A I Solin, Roll Zeit , 59 314 1932 A W Dumansky and 

T P Tyazhelova, Journ Russ Phys Chem Soc , 62 1313 1930, A W Dumansky and 
G R Vischnevskaya, Journ Gen Chem Russ , 1 620, 1931 , S I Dyachkovsky, Journ Russ 
Phys Chem 62 1285,1931 Journ Gen Chem Russ , 1 964 1931 , Roll Zeit , 59 76, 1932, 

R Ellis, Zeit phys Chem , 89 145, 1914 L Engel and W Pauli, ib , 126 247, 1927 T Ewan 

Proc Roy Soc , 56 287, 1894 , 57 147, 1895, A W Ewell, Phy* Rev , (1), 18 292, 1903, 

R FabreandH Penau, Bull Soc Chim Biol , 8 199,1926, F vanderFeen Chem Weekl , 13 
453, 1916 , A Femau and W Pauli, Biochem Zeit , 70 426 1915 , Roll Zeit , 20 27, 1917 , 
F Fichter, Roll Zeit , 8 1,1911, A Findlay and H J M Creighton, Journ Chem Soc, 97 549, 
1910 , A Findlay and W H Harby, Roll Zeit ,3 169, 1908 , A Findlay and O R Howell, 
Journ Chem Soc, 105 292,1050,1914, A Findlay and G King, ib , 103 1187 1913, A Findlay 
andB Sben, ib 101 1464,1912 A FindlayandT Williams, ib , 103 638,1913, H W Fischer, 
Zeit anorg Chem , 66 37, 1910 , Untersuchungen uber Metallhy dr oxide , Breslau, 1907 , Biochem 
Zeit , 27 223, 238, 311, 1910 H W Fischer and E Kuzmtzky, ib , 27 311, 1910 , O Fisseler, 
Ueber colloidale Verbindungen des Eisens, Mangans, und Rupfers, Erlangen 17, 1904 , A Fodor, 
Roll Beihefte, 18 127, 1923 , A Fodor and A Rerfenberg, Roll Zeit 42 18, 1927 , 45 22, 1928 , 
A Fodor and R Riwlm, ib , 44 69, 1928 , A Fodor and A Rosenberg, ib , 46 91 1928 , 
H Freundlich, Rapillarchemie, Leipzig, 1923 , Zeit Elefctrochem , 22 30, 1916 , Trans Faraday 
Soc , 28 618 1927 , Ber , 61 B, 2219, 1928 Roll Zeit , 46 289, 1928 , Zeit phys Chem , 44 
129, 1903 , 78 787, 1910 H Freundlich and M Aschenbrenner, Roll Zeit , 41 38, 1927 
H Freundlich and V Birstem, Roll Beihefte, 25 231, 1927 , H Freundlich and H Kroch, Zeit 
phys Chem , 124 155 1926 , H Freundhch and W Leonhardt, Roll Beihefte , 7 199, 1915 , 
H Freundhch and G Lmdau, Biochem Zeit , 202 236, 1928 , 208 91, 1929 , Roll Zeit , 44 198, 
1928 , H Freundlich and S Loebmann, Roll Beihefte, 28 391, 1929 Zeit phys Chem , 189 
368 1928 , H Freundhch and F Oppenheuner, Ber , 58 B, 143, 1925 , H Freundhch and 
A Poser, Roll Beihefte, 6 314, 1914 H Freundlich and W Rawitzer, Roll Zeit , 41 102, 1927 , 
Roll Beihefte, 25 231, 243, 1927 H Freundhch, F Rogowsky and K Sollner, Zeit phys Chem , 
160 469, 1932 H Freundhch and P Rona, Biochem Zeit , 7 331, 1908 , 81 87, 1915 , 
H Freundhch and A Rosenthal, Zeit phys Chem , 121 463, 1926 , Roll Zeit , 37 129, 1927 
H Freundhch and E bchalek, Zeit phys Chem , 108 166 1924 H Freundhch and G V Slott 
man, ib , 129 313, 1927 , H Freundlich and K Sollner Roll Zeit , 44 309, 1928 45 348, 

1928, H I reundlich and J Tamchyna Roll Zeit , 53 288,1930, H Freundhch, J Tamchyna 
and H Zocher Zeit Photochem ,29 102,1930, H Freundhch and S Wosnessensky , Roll 
Zeit ,33 222, 1923, H Freundhch and H P Zeh,Zeit phys Chem 114 78,1925 JAN Friend, 
Journ Chem Soc 119 932 1921 , A Galecki and M S Kastorskij, Roll Zut ,13 145,1913 
R Gans and H Isnardi, Anr Physik, (4), 52 185,1917, A Gatterer, Joui n Chem Soc , 299, 
1926, N N Gavnloff Roll Zeit, 37 46 1925, G Geffchen, Zeit phys Chem, 49 299, 1904 
M Geloso, Compt Rend , 178 1001,1924 B N Ghosh, Journ Chem Soc 2693 1929, S Ghosh 
and N R Dhar.EoK £et*,39 259,1926 , 41 223, 229, 1927 , 44 149,1928, Zeit anorg Chem 
152 405,1926 Journ Indian Chem Soc 5 303, 1928 6 31, 152, 1929, Journ Phys Chem , 
29 435,659,1925 30 634,830,1567,1566,1926 , 31 649,1927, L P deSt Gilles ,Ann Chim 
Phys , (3), 46 47, 1856 Compt Rend , 40 568, 1243, 1855 , F Giohtti, Gazz Chim Ital , 35 
u, 181, 1905 , 36 u 157, 1906 , 38 u 252, 1908 , F Giohtti and M Battisti, ib , 36 u, 433 1906 
J H Gladstone and W Hibbert, Phil Mag , (5) 28 38, 1889 , P Goldschmidt, E Wemgardt 
and W Bachmamn, RoU Zeit , 47 49, 1929 , H M Goodwin, Zeit phys Chem , 21 1, 1896 
40 136 1926 , D Graffi, Ath Accad Lincei, (6), 3 28, 1926 , T Graham, Phil Trans , 151 183, 
1861 , Proc Roy Soc, 11 243, 1862, Ann Chim Phys, (3), 65 177, 203, 1862, Chem News, 
4 86, 1861 Journ Chem Soc, 15 216, 1862, Phi Mag , ( 4), 23 204, 290, 368, 1862, Pogg 
Ann, 114 187,1861, Liebig s Ann , 121 1 1862, 123 90, 1862, G D Grane, Die Obe/rfiachm 
ausbildung und Oberflachenanderung an Solen und Gelen des Thoriums und Eisens Berlin, 1931 , 
E Grimaux, BuU Soc Chim , (2), 41 50, 157, 1884 Compt Rend , 98 105, 1434, 1485, 1885 , 
C Gropengiesser, Brit Pat No 387212, 1932 K Grossmann, Eimge physikalischen Eigen 



IRON 


857 


schaften des RoUoiden Eisens , Erlangen, 1916 , H Haber Beitrag zur Kenrdnis derFlockung und 
Adsorption hydrophober Sole , Berlin, 1925 , K Haerting Roll Zed , 25 78 1919 W Hagen, 
Beitrage zur magnetischen Untersuchungen emiger Verbindungen des Eisens Erlangen 1912, Roll 
Zeit 13 4, 1913 , E L Hahn and M Hertnch, Ber , 56 B 1729 1923 , 0 Hahn and M Blitz, 
Zeit phys Chem 126 323, 1927 K Hakozaki, Kell Zeit 39 316 1926 , H Handovsky, Zeit 
phys Chem , 117 432, 1925 , A Hantzsch and C H Desch Liebig s Ann 323 28 1903 , 
F Hardy, Journ phys Chem 30 259, 1926 W B Hardy Zeit phys Chem 33 385, 
1900 Journ Phynol 24 288, 1899 Proc Boy Soc, 66 96 116 1900 N J Harrar and 
FEE Germann, Journ phys Chem , 35 2210 1931 , 36 688, 1932 E Hatschek Laboratory 
Manual of Colloidal Chemistry, London, 1920 E A Hauser Journ Rheology , 2 5, 1931, Roll 
Zeit 48 57, 1929, S Hausmann Liebigs Ann 89 111 1854 F Hazel and G H Ayres 
Journ Phys Chem , 35 2390 3148, 1931 , F Hazel and D M McQueen, ib , 37 553, 1933 , 
F Hazel and C H Sorum, Journ Amer Chem Soc, 52 1337, 1930 E S Hedges and 
R V Henley, Journ Chem Soc 2714 1928 , A Heiduschka Arch Pharm 244 571 1906 
W Heller, Roll Zeit , 50 125,1930 W Heller and H Zocher Zeit phys Chem , 166 365 1933 
V Henri and A Mayer, Compt Rend , 138 521, 1904 , E Henri] ean and W Kopaczewsky, 
ib , 179 909 1924 , J R I Helpbum, Rec Trav Chtm Pays Bos, 45 321 1926 E Hey 
mann, Roll Zeit 47 48, 1929 , Zeit anorg Chem , 171 18 1928 , E F Holden, Amer Mm , 
8 117, 1923 , S Honba and H Baba, Chikashig’s Ann Vol , 245, 1930 , S Honba and 
S Ishn, Journ Phys Chem Japan, 2 118 1929 A lvamtzkaja and L Orlova, Roll Beihefte, 
18 1 1923 , K Jablczynsky, Rocz Chem , 4 251 1924 Bull Soc Chim (4) 35 1277, 1924 
K Jablczynsky and A Emm Rocz Chem 11 805,1931 K Jablczynsky and H Jaszezoltowna, 
tb , 9 111, 1929 , Bull Soc Chim , (4), 45 202 1929 , K Jablczynsky and G and J Kawenoki, 
Rocz Chem, 6 861,1926, Bull Soc Chim, (4) 39 1322,1925 K Jablczynsky and M Knaster, 
tb, (4) 43 156, 1928, K Jablczynsky and W Laskowsky, Rocz Chem, 11 817, 1931 
K Jablczynsky and M Soroczynsky, Bull Soc Chim , (4) 43 159, 1928 K Jablczynsky and 
G Szames, ib , (4), 45 206, 1929 K Jablczynsky and S Zalc, Rocz Chem , 11 254, 1931 , 
K Jablczynsky, S Zalc and I Ejbeszyc, ib 11 259, 1931 K Jacobsohn, Ueber Taktosde, 
Dresden, 1929 G Tander and A Wmkel, Zeit anorg Chem , 193 1 1930 A Janek, Ber Berg 
Ekaterinburg Ann Flcole Mines de l Oural, 1 45 1919 , A Janek and B Jirgensons, Biochem 
Zeit , 180 194, 1927 , Roll Zeit , 41 40, 1927 , J Jeannel, Mem Soc Bordeaux 6 1, 1868 , 
Journ Pharm Chim , (4) 8 106 1868 B Jirgensons, Roll Zeit , 44 203, 1928 , E Jordis 
Zeit anorg Chem , 35 16, 1903 Zeit Elektrochem , 10 509 1904 W P Jorissen and 
H W Woudstra, Roll Zeit, 8 10 1911 10 280, 1912, Chem Weekbl , 7 945, 1910 9 
340, 1912 , S S Joshi and V L Narayan, P C Ray Commemoration Vol , 41, 1933 R C Judd 
and C H Sorum, Journ Arne t Chem Soc , 52 2598, 1930 KaUe and Co , German Pat DRP 
180729, 1901 T Katsurai Science Papers Tokyo Inst Phys Chem Research, 12 161 1929 , 
T Katsurai and T Watanabe tb , 13 89, 1930 , R Keller Roll Zeit , 26 173, 1920 J Kerr 
B A Rep , 558, 1901 , S S Kistler, Journ phys Chem , 35 815 1931 E Klobbie, Journ prakt 
Chem , (2) 46 497, 1892 , Zeit anorg Chem , 20 185, 1899 O Komer, Femathylat DarsteUang 
und Hydrolyse, Gottmgen, 1928 , H W Kohlschutter and H Siecke, Zeit Elektrochem , 39 617, 
1933 W Kopaczewsky, Compt Rend 179 628, 1924 , W Knaust Chemie Erde, 4 529, 1930 
Ueber Sole von Etsenhydroxyd und Manganhydroxyd m ihrer Beziehung zur Btldung der sogenannten 
Schvlznnden und des Patents, Jena, 1930 F Krafft, Ber , 32 1608, 1899 G D Kratz, Journ 
phys Chem , 16 126, 1912 , A Krause and W Buczkowsky Zeit anorg Chem 200 144, 1931 , 
F W C Krecke, Arch Neerl , (1), 6 193, 1871 , Versl Akad Amsterdam, 5 188, 1871 , Journ 
prakt Chem , (2), 3 286, 1871 V N Krestinskaja and O S Moltschanova, Journ Russ Phys 
Chem Soc , 62 1223 1930 Roll Zeit , 52 294, 1930 , 59 68, 1932 , Journ Gen Chem Russ , 
1 792, 1931 H R Kruyt and C F van Dum, Roll Beihefte 5 289, 1913 H R Kruyt and 
J van der Spek, Roll Zeit , 25 1, 1919 N Kuhnl and W Pauli, KoU Beihefte, 20 319, 338, 
1925 , B Kuriloff, Sitzber Akad Wien, 79 91, 1913 , A Kutzelmgg and W Wagner, Roll 
Zeit, 64 212 1933, P Lai and P B Ganguly Journ Indian Chem Soc, 6 547,1929, B Lange, 
Zest phys Chem , 132 18, 1928 159 277, 1932 Depolarisation und Lichtabsorption in KoUoiden, 
Leipzig 1928 , P P Lazareff, Compt Rend USSR 223 1932 S Liepatoff RoU Zeit , 50 
74, 1930 Journ Russ Phys Chem Soc , 62 31, 1930 J Lmdemann, Roll Zed 32 376 
1923, E Linder Journ Chem Soc , 61 152, 1892 , 71 571, 1897 C E Lmebarger, Journ 
Amer Chem Soc , 20 375 1898 J Lisiecky, Rocz Chem , 12 241 1932 N Ljubawin, Journ 
Ruts Phys Chem Soc , 21 402, 1889 , Zeit phys Chem 4 486 1889 S Loebmann, Die 
mechanischen Roagulahon des Goethitsds, Leipzig, 1929 , A Lottermoser, Roll Zeit , 6 78, 1910 , 
Zed phys Chem, 60 451, 1907, Zed Elektrochem, 30 391, 1924, A Lottermoser and 
Ta Yu Chang, RoU Zed , 64 268, 1933 , 65 62, 1933 A Lottermoser and F Langenscheidt 
ib , 58 336, 1932 , A Lottermoser and E Lesche, Roll Beihefte 32 157, 1931 A and 
E Lottermoser, ib , 38 1, 1933 A Lottermoser and P Maffia Ber , 43 3613, 1910 A I otter 
moser and K May, RoU Zed , 58 61, 168, 1932 A Lottermoser and W Riedel, ib , 51 30, 
1930 R Luther and B Krsnjavi, Zed phys Chem , 46 171, 1905 , Zed anorg Chem 89 
166, 1914, J W McBam and W L McClatehie, Journ Amer Chem Soc, 55 1315, 1933, 
W L McClatehie, Journ Phys Chem , 36 2087, 1932 E L McMillen , Journ Rheology 3 163, 
179, 1932 , P Maffia Roll Beihefte 3 85 1912 , Ueber das Adsorptionsgleichgewicht im Dresden , 
1910 , O Majorana, Phys Zeit , 4 145, 1903 , Atti Accad Lincei, (3) 11 l, 374, 463 531, 1902 , 
(5), 11 n, 90, 139, 1902 1 Malaisky, Roll Zeit, 23 113, 1918, G Malfitano, Compt Rend, 



858 


INORGANIC AND THEORETICAL CHEMISTRY 


139 1221,1904, 140 1245 1905 141 660,680, 1905, 142 1277, 1418, 1906, 143 172, 1141 
1906 148 1047, 1909 , Zeit phys Chem , 68 232, 1910 , Roll Beihefte, 2 193, 1911 , Ann 
Chim Phys , (8), 24 529, 1911 , (8), 25 182, 1912 , Journ Chim Phys , 19 33, 1921 , G Mai 
fitano and L Michel Compt Rend 143 1141 1906 , 145 185, 1275, 1907 , G Maffitano and 
M Sigaud, Journ Chim Phys , 24 103, 173 260, 287, 1927 C Manmch and C A Rojahn Per 
deut pharm Oes 32 158, 1922, N Mannesco Compt Rend , 194 1824, 1932 M Matsm 
T Noda, S Kambara and S Oyamada, Journ Japan Soc Chem Ind 35 569, 577, B 1932 , 
Y Matbuno, Biochem Zeit , 150 139 160, 1924, H Mayanagi, Kdl Zeit , 39 319, 1926, 
H Meerbrei, Innere Reibung Rolloidaler EivenensalzLosungen, Erlangen, 1913 M R Mehrotra 
and K C Sen, Roll Zeit , 42 39, 1927 Journ Indian Chem Soc ,4 117, 1927 , L Michaehs 
and P Rona, Biochem Zeit , 102 268 1920 , L Michel, Compt Rend , 147 1052, 1288, 1908 , 
R N Mittra and N R Dhar Journ Indian Chem Soc, 9 315,1932, B E Moore , Phys Rev. 
(1),13 246 1901, E S Moore and J E Maynard, Econ Geo?, 24 365 1929, A Muller, Sitzber 
Akad Wien, 43 320, 1905, 57 316, 1908 J Muller, German Pat, JORP 33650, 1917 
J N Mukherjee, KoU Zeit 52 63, 1930 63 36, 1933 , Journ Phys Chem , 36 595, 1932 

J N Mukherjee, S P Chaudhuri and A S Bhattachyga, Journ Indian Chem Soc , 5 735, 
1928 , J N Mukherjee, S Roychoudhury and M Biswas, ib , 8 373, 1931 J N Mukherjee 
S Rovchoudhury, S K Das Gupta, A K Sen, B Mazamdar, and A Chatterjee, tb , 10 405, 1933 , 
H D Murray, Phil Mag , (6), 40 578 1920 , C von Nageli, Theorte der Qarung , Munchen 121 
1879 C von Nageli and S Schwendener, Das Mibroslop — Theorie und Amoendung, Leipzig, 
1877 M Neidle, Journ Amer Chem Soc , 38 1270, 1916 , 39 76, 2334, 1917 , M Neidle and 
J Barab, ib , 39 79, 1917 , M Neidle and J N Crombie, ib , 38 2607 1916 , M Neisser and 
U Eriedemann, Munchen Med Wochemschr 51 466, 1904 W von Neuenstem, Roll Zeit 43 
246 1927 , H Neurath and W Pauli, Zeit phys Chem , 163 351, 1933 J B Nichols, 
E O Kraemer and E D Bailey, Journ Phys Chem , 36 326,505,1932, P Nicolardot, Recherches 
sur les sesquioxyde defer, Paris 1905 Ann Chim Phys (8) 6 334,1905, P L duNouy Journ 
Phys Rad , (6) 6 145 1925, J G Oberhard, Pharm Ztg , 73 1263, 1928 J M Ordway, 
Amer Journ Science, (2) 26 195,1858, Wo Ostwald, Roll Zeit, 2 474,1911, 43 249, 1927, 
Bemmelen s Gedenboek , 267, 1910 , Wo Ostwald and W Rodiger Roll Zeit , 49 314, 1929 
C Paal and W Hartmann, Ber , 51 897 1918, H Pallman, Roll Beihefte , 30 334, 1930 
N Pappada, Gazz Chim Xtcd , 41 n, 480, 1911 , Roll Zeit, 9 168,233 1911 10 181, 1912, 

A Pans, Sitzber Nat Ges Umv Tartu , 35 135 1929 , P Pascal, Ann Chim Phys , (8), 16 570, 
1909 W Pauli, Roll Zeit, 28 49, 1921 Naturwiss , 12 425, 1924, W Pauli and L Elecker 
Biochem Zeit , 41 470, 1912 W Pauli and J Matula, Roll Zeit 21 49, 1917 , W Pauli and 
E Rogan, ib , 35 131,1924 W Pauli and E \alko Zeit phys Chem, 121 161, 1926, W Pauli 
and G Walter, Roll Beihefte , 17 256, 1923 W Pauli and M Wittenborger, Roll Zeit 50 228, 
1930, N P Peskoff, ib , 33 215, 1923, N P Peskoff and V I Sokoloff, Journ Russ Phys 
Chem Soc , 58 823, 1926 , T Peterfi, Arch Entmckel Organism , 112 689 1927 , V Petrescu 
Ann Umv Jassy, 17 15 1933 H Picton and E Lmder , Journ Chem Soc , 71 568 1897, 
87 1919, 1905 A Pontremoli, Atti Accad Lmcei (6), 2 328, 416, 1925 (6), 3 75, 1926 

F Powis Journ Chem Soc , 107 818 1915, S Prakash Journ Phys Chem , 36 2483,1932, 
A du Pre Denning Ueber die Viskositat und die magnetische Doppelbuchung dev cdloidalen 
h isenoxyhydrates, Heidelberg, 1904 H Puiggari, Anales Assoc Quim Argentina , 13 23 1924 , 
J Puls, Journ pi aid Chem, (2), 7 87, 1826, G Quincke, Ann Physik (4), 15 28, 1904, 
A Rabmerson Roll Zeit 39 112, 1926 , 42 50, 1927 , A J Rabmowitsch and E Eocbman, 
t&,59 310 1932, Journ Phys Chem USSR, 3 8,16,1932, Zeit phys Chem , 159 403,1932 
A J Rabmowitsch and V A Kargm, ib , 133 203, 1928 , 152 24, 1931 , Lord Rayleigh, Phil 
Maq , (5), 34 481, 1892 , P Rehlmder and E Wenstrom, Roll Zeit , 53 145, 1930 , B Remitzer, 
Momtsh 3 258 1883 Sitzber Akad Wien, 85 817 1882 J Reitatotter, Zeit Immunitats 
forsch , 30 i 516,1920, RoU Zeit , 28 20, 1921 A Reychler, J ourn Chim Phys ,1 362,1909, 
8 10, 1910 E Riffard, Compt Rend , 77 1103, 1874 A Righi, Ueber die Struktur der Matene, 
Leipzig 42 1908 M Rohm Compt Rend, 101 321, 1885, P Rohland, Zeit phys Chem, 
86 633 1914 , W L Rolton and R S Troop, Proc Phys Soc , 36 205, 1924 , P Rona and 
E Lipmann, Biochem Zeit , 146 163, 1924 H Rose, Ann Chim Phys, (2), 34 268, 1827, 
Pogg Ann , 7 87, 1826 , A Rosenthal, Die Messung der Koagidationsgeschmridigkeit an konzen 
tnerten Eisenoxydsolen tm Gebiet der langsamen und rashen Roagulation, Leipzig, 1926 , G Rossi 
and A Marescotti, Gazz Chim Ital 59 313, 319, 1929 S Roy and N R Dhar, Journ phys 
Chem , 34 122,1930 K Ruegg, Roll Zeit , 41 276, 1927, R Ruer, Zed cmorg Chem, 43 85, 
1905, A Sabanejeff, Journ Russ Phys Chem Soc ,21 522,1889, N Sahlbom, Roll Beihefte, 2 
110, 1911 , O Scarpa, RoU Zeit , 2 2, 1908 Nuovo Cvmento, (5), 11 166, 1906 , E Schaer, 
Arch Pharm , 239 270, 346, 1901 , E Schalek and A Szegvan, Roll Zeit , 32 319, 1923 , 33 
3300, 1923 , A. Scheurer Kestner Compt Rend , 40 569 1855 , 54 616, 1862 , Ann Chim 
P%,(3) 45 57,1856, (3), 55 330,1849, (3), 57 231,1850, (3), 65 114, 1862, G Sclnkorr 
RoU Zeit, 52 25 1930, N Schiloff and A Iwamtzkaja, Zeit phys Chem, 100 437, 1922, 
O Schmatolla Chem Ztg , 49 530, 1925 A Schmauss, Phys Zeit , 6 506, 1905 , Ann Physik, 
(4), 12 186, 1903 , P Schmidt, French Pat No 552140, 1921 , E A Schmeider, Liebig's Ann , 
257 376,1890, Ber, 24 2242 1891, C E Schonbem, Pogg Ann, 39 142,1836, H Sohweikert, 
Chem Ztg, 31 18, 1907 Arch Pharm, 245 22, 1907, German Pat, DRP 173773, 1904, 
K C Sen, Zeit anorg Chem, 149 139, 1925 174 61, 82, 1929 182 118, 1929, Journ 
phys Chem, 28 1028, 1924 29 1532, 1925 , 31 419, 525, 1840, 1927, Journ Indian 



IRON 


859 


Chem Hoc , 4 131 1927 Koll Zeit , 43 17, 1927 , K C Sen and N R Dhar, ib 33 193 
1923 Joum Phys Chem, 27 376, 1923 K C Sen, P B Ganguly and N R Dhar, %b 28 
313 1924, F Sichel, German Pat, DRP 345757 1920 H Siebourg, Zur Verschiebung des 
Gleichgewichtesgwiscken disperser Phase und Dispersionsmittdbeim Verdunnen ton Eisenoxydhydro 
solm , Koln 1929 , W M Simakoff, Koll Zeit , 45 207, 1928 R B Smith and P M Giesy 
Joum Amer Pimm Assoc 12 855 1923 C H Sorum, Science, , (2), 65 498, 1927 KoU 
Zeit 50 1263, 1928 51 1154, 1929 58 314, 1932 L M de la Source Compt Rend, 90 
1352, 1880 , E I Spitalsky N N Petm and E I Burova Journ Russ Phys Chem Soc , 60 
1271, 1928 , W Spring, Bull Acad Bdg , 504 1900 G Stadmkoff and N N Gavriloff Koll 
Zeit 37 40 1925 , G Stadmkoff, N N Gavriloff R Klasson and V Kirpitschnikoff German 
Pat, DRP 381866, 1922 Swedish Pat No 57393, 1923 H M Stark, Journ Amer Chem 
Soc , 52 2730, 1930 , H Stintzmg Koll Beihefte 6 242 1914 W Stollenwerk and M von 
Wrangell, Zeit EleJctrochem , 33 501, 1927 T Svedberg, Die Methoden zur HersteUung koUotder 
Losungen anorgamscher Stoffe, Dresden, 1909 , Koll Zeit , 4 171 1909 A Szegvan ib , 33 324 
1923 B Szilard Journ Chim Phys 5 636, 1909 T Takamatsu Koll Zeit , 38 229, 1926, 
N Tananajeff, Mitt Wus Tech Arb Rep Ruts 13 74 1924 W W Taylor Proc Roy Soc 
Edtn 45 323, 1925, 49 198 1929 T Tevreli, Koll Zeit 53 322, 1930 54 58, 1931 
P A Thiessen and A Koraer, Zeit anorg Chem, 180 115 1929 l9i 74 1930, A W Thomas 
and T R le Compte, Colloid Symposium 4 328, 1926 , A W Thomas and A Fneden, Joum 
Amer Chem Soc , 45 2522, 1923 A W Thomas and J D Garard, tb , 40 102, 1918 
A W Thomas and E R Hamburger, ib , 52 456 1930 , A W Thomas and L Johnson tb 45 
2532, 1923 L Tien, Atti Accad Lincei , (5) 19 i 49, 377, 470, 1910 (5), 32 n 155 1923 , 

(6), 2 331, 1925 , H Timpe, Gerrmn Pat DRP 351384, 1920 J Traube and E Raekwitz, 
Koll Zeit , 37 131, 1925 J Tribot and H Chretien Compt Rend , 140 144, 1905 , A Turpain 
and B de Lavergne, ib , 187 1280, 1928 H Udluft, Koll Zeit 34 233, 1924 J G Ufer, Ueber 
Jcolloide8 Eisenoxyd , Dresden, 1915 Koll Zeit , 19 244 1916 E Ullmann, Zeit Physilc 41 
301, 1927 H P Varma and S Prakash, Zeit anorg Chem 205 241 1932 D Vorlander, Ber 
46 191, 1913 A de Waele, Journ Rheology 2 141, 1931 C L Wagner Koll Zeit 14 150 
1914, J* H Walton and A Brann , Journ Amer Chem Soc 38 327 1916 A Wander, German 
Pat, DRP 332200, 1919, E Wedekmd and H Rhemboldt Ber , 47 2149 1914 P P von 
WexmarnandA W AlexejeS, Joum Russ Phys Chem Soc, 46 134 1914 O Wiener , Sitzber 
Sachs Ges , 61 113, 1909 Abhand Sachs Ges 32 6 1912 , H B Weiser The Hydrous Oxides 

New York, 38, 1926, Journ Phys Chem , 17 536,1913 24 285 1920 25 405,665,1921 28 

232,1253,1924, 30 20 1926, 35 1,1931 H B Weiser and T S Chapman ib 35 543 1931, 
36 713, 1932 , H B Weiser and G R Gray tb 36 2178 1932 H B Weiser and G L Mack, 
tb , 34 86, 101, 1930 , H B Weisei and E B Middleton tb , 24 30, 641, 1920 H B Weiser 
and H O Nicholas, tb , 25 7*2, 9121 H B Weiser and E E Porter, tb , 31 1383, 1927 
F WeitzandH Stamm, Ber, 61 B 1151,1928, S H Whang, Kolloid Chem Beiheft 32 169, 
1931 G Wiedemann, Pogg Ann , 135 218, 1868 Journ praict Chem , (2) 9 137, 1874 Wied 
Ann , 5 60, 1878 , R Wilson and T C Poulton, Proc Iowa Acad , 36 295 1929 R Wintgen, 
KoU Beihefte, 7 253, 1915 Zeit phys Chem , 103 250 1922 R Wmtgen and M Blitz, tb , 
107 403, 1923 , R Wmtgen and H Engelman, tb , 47 104 1929 R Wmtgen and O Kuhn, 
ib , 138 135, 1928 R Wmtgen and H Lowenthal, tb 109 378, 1924 R Wmtgen and E Meyer 
Koll Zeit , 36 369, 1925 40 136, 1926 R Wmtgen and M Vohl, Zeit phys Chem , 42 143 

1927 , W Wobbe, Pharm Centrh , 40 793, 1899 , H W Woud&tra, Chem Weelbl , 5 623 

1908 Bemmden 8 Gedenboek, 36 1910, Koll Zeit 8 77 1911 , L T Wright, Journ Chem Soc, 
43 156, 1883 G N Wyrouboff, Ann Chim Phys , (8), 7 449, 1905 , G N Wyrouboff and 
A Vemeuil, Bull Soc Chim (3) 21 137 1899 , T Yamaton, Hokkaido Joum Med , 7 217, 
1929, A Yanek, Ann Ecole Mines Oural, 1 45,1919 J H YoeandE B Freyer, Journ Phys 
Chem , 30 1389, 1926 , S W Young and L W Pingree tb 17 667 1913 W Zimmermann 
Ann Physilc, (4), 80 335, 1926 , H Zocher Zeit anorg Chem , 147 91, 1925 H Zocher and 
W Heller, tb , 186 75, 1930 , H Zocher and K Jacobsohn, Koll Beihefte 28 187, 1929 , 
R Zsigmondy, KoUotdchemie, I eipzig, 1 193, 1925 , Zeit phys Chem 98 14, 1921 , 101 310 
1922 , 124 153, 1926 , The Chemistry of CoUoids New York, 167, 1917 , R Zsigmondy and 
C Canus, Ber , 60 B, 1047, 1927 

4 H B Weiser and G L Mack, Joum Phys Chem , 34 86, 101, 1930 

z J Duclaux, Joum Chim Phys ,20 18, 1923 R J Kepfer and J H Walton, Joum 
Phys Chem , 85 557, 1931 , R Stumper, Koll Zeit , 55 310, 1931 


§ 32 The Hydrated Feme Oxides— Hydrogels 

A highly gelatinous precipitate of hydrated feme oxide, the so-called feme 
hydroxide, is thrown down when an alkali is added to a soln of a feme salt which 
is not too dil According to W Hampe, 1 the precipitates obtained from soln of 
ferric chloride at different temp have the following compositions 

0 20 25 30 40 60 80 100 ° 

he 2 0 3 54 6 51 4 50 4 46 1 43 9-52 2 66 2 70 1 72 3-92 7 

H a O 45 4 48 b 49 6 53 9 56 1-47 8 33 8 29 9 27 7- 7 3 
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There is here no evidence of the formation of definite hydrates After the precipi 
tation of the hydrated oxide by adding aq ammonia to a cold or hot soln of a ferric 
salt, it is washed by decantation with water, and kept m a desiccator over sulphuric 
acid or potassium hydroxide, and pressed between porous tubes or washed with 
alcohol and ether This is the ordinary mode of preparation, and it was used by 
G Almkvist, J M van Bemmelen, E Brescius, K Endell and R Rieke, 0 Hahn 
and M Blitz, W G Mrxter, J H Perry, T W Richards and G P Baxter, 0 Ruff, 
E Selch, S Veil, E Wedekind and W Albrecht, H Wolfram, etc — vide infra 
L T Wright, and A Simon and T Schmidt emphasized the tenacity with which 
the chlorides are retamed by the precipitated colloid G F Huttig and H Garside 
washed the precipitate until the wash- water gave no turbidity with silver nitrate, 
and yet retamed 0 12 per cent of chlorine J Jeannel, and C F Cross also 
emphasized the adsorption, or rather the tenacity, with which the hydrogel retains 
saline and other impurities R Willstatter and co-workers prepared the colloid 
as follows 

A soln of 100 grins of ammonium ferric sulphate in 200 c c of water at ordinary temp 
is powdered into a soln of 10 8 grins of ammonia, 27 5 grins of ammonium sulphate, and 
800 c c of water, with vigorous stirring After being stirred for half an hour, the clear 
liquid is decanted, and the product is washed many times by decantation with ammomacal 
water The gel is mixed with dry acetone, and centrifuged The last traces of acetone 
are removed by decantation with ether, and the hydrogel is then exposed to a high vacuum 

L Schaffner said that if the precipitation is made with aq ammonia, the pre- 
cipitate is free from contamination by the precipitant If alkali lye be used in 
place of aq ammonia, R Fncke, W Ramsay, and H Wolfram found that the 
precipitate is difficult to wash The alkali hydroxide may even decompose the 
mtroprussides (L Playfair, J M van Bemmelen and E A Klobbie, O Pavel, and 
G Stadeler), and the mtrosyl salts of Z Roussm as shown by Z Roussm, J M van 
Bemmelen and E A Klobbie, and J 0 Rosenberg J J Berzelius noted that 
entrained alkali is retained very tenaciously , and according to J Huggett and 
G Chaudron, a small proportion of sodium ferrite may be formed, otherwise the 
precipitate is considered to be insoluble m an excess of lye J Hausmann noted 
the layer formation of the colloid when a soln of potassium hydroxide diffuses into 
gelatine containing some feme chloride W Ramsay found that baryta water, 
V Vincent, lime-water, H Rose, and A Mailhe, mercuric 
oxide, and D Vitah, silver oxide, precipitate the hydrated 
oxide from soln of feme salts 

L J Curtman and A D St Johns found that the 
precipitation occurs in the presence of 0 062 mgrm of 
iron m soln H E Patten and G H Mams said that 
colloidal hydrated ferric oxide is precipitated from 
soln containing 0 03 per cent Fe, by ammonia or 
sodium hydroxide, when the H -ion cone is p-si-S 3 
H T S Britton found that with 100 c c of a soln con- 
taining 0 0202V HC1 and 0 0133iJ/-FeCl 3 , the electro- 
metric titration with 0 1005V-NaOH furnished the re- 
sults indicated in Fig 534 Freshly prepared soln of 
feme chlonde, or soln containing an excess of free acid 
are only slightly coloured, but the soln on standing 
begins to redden, and finally the colour approaches that 
of hydrated feme oxide It was found that the end of 
the neutralization of the free acid is indicated by an 
inflexion, at 20 1 c c of sodium hydroxide As the soln was rendered more basic, 
the colour gradually changed from yellow to red It became quite red after addition 
of 30 c c of sodium hydroxide, when the composition of the solute had become 
Fe(OH) 0 74 C1 2 26 5 and with 39 cc it began to opalesce Afterwards the soln 
became increasingly colloidal and became opaque at p B 3, which, as will be seen from 
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the tui\ e, occurred just when the sudden change in hydrion concentration had begun 
Coagulation set m when the had become 6 6 and 58 c c of alkali had been added, 
the composition of the basic chloride then being Fe(OH) 2 85 C1 0 15 The colloidal 
soln persisted until nearly all the chloride had reacted /attempts were made to 
prevent coagulation duiing the abrupt fall m H ion concentration Aq soln 
of ferric chloride more dil than 0 042V-, on boiling, acquired a deep red colour, 
and often remained colloidal on treatment with 0 lOiV alkah m slight excess Small, 
red, amorphous precipitates separated m some cases, but even then the precipitation 
was incomplete and the solids did not settle until several hours had elapsed The 
presence of a little hydrochloric acid in the soln before heating had some stab ilizing 
effect on the colloidal soln which were subsequently produced In one case the 
colloidal soln remained stable for nearly 3 months This soln was prepared by 
adding 55 c c of 0 lOiV-sodium hydroxide to 500 c c of a boiling soln cont aining 
100 c c of 0 042\f ferric chloride and 10 c c of 0 lOiV hydrochloric acid It seems 
certain that the red colour of boiled ferric chloride soln was due to dispersed ferric 
hydroxide particles, and consequently the increase in the size of the basic chloride 
particles caused by rendering the soln alkaline was not so great as that occurrmg 
m an unboiled soln , and therefore did not produce coagulation The increased 
stability of the colloidal soln prepared from acidified ferric chloride soln was 
probably due to the effect of the acid m suppressing the growth of the colloidal 
particles on boiling, thereby giving rise to a more highly dispersed and more stable 
colloidal soln Prolonged boiling decomposed these alkaline colloidal soln , and 
they were readily coagulated on addition of electrolytes m sufficient amounts In 
accord with the generally accepted theory of the structure of gels (6 40, 21), 
H B Weiser said that when alkali-lye or aq ammonia is added to the soln of 
a feme salt, there is a relatively large supersaturation before precipitation occurs, 
and this favours the formation of minute particles , the orientation of these particles 
mto a network of mycelia entraining the mother-liquor, produces the hydrogel 
The bulky mass, on standing, gradually loses water and becomes more compact 
and granular 

Colloidal feme hydroxide, or hydrated feme oxide, is a product of numerous 
reactions It is formed when iron rusts m the presence of water and oxygen— 
mde supra — as noted by M Hall, N J B G Gmbourt, D Tommasi, A Payen, 
A Ackermann, W R Dunstan and co-workers, P Fireman, and L P de St Gilles , 
by the action of an acidified soln of hydrogen dioxide on iron, as observed by 
G C Weltzien, and G T Moody , by the action of soln of ammonium salts and air 
on iron, as found by W Vaubel, and A Fnckhmger and by the anodic oxidation 
of iron m soln of potassium nitrate, potassium hydroxide, ammomum sulphate, etc , 
as observed by R Lorenz, O Faust, and G A le Roy Colloidal feme hydroxide 
is formed during the oxidation of ferrous hydroxide by air or oxidizing agents 
(E Deiss and G Schikorr, A Krause, and F Haber), or anodically (H Becquerel, 
O Faust, and V Paissakowitsch) 

The oxidation of chalybeate waters, or water containing ferrous hydrocarbonate 
m soln , furnishes hydrated feme oxide as observed by G Bischof, F Behrend, and 
H Molisch As shown by H Klut, O Krohnke, and A Schmidt and K Bunte, 
chalybeate waters also deposit iron in the form of hydrated feme oxide, and, as 
indicated by D Ellis, D T> Jackson, E M Mumford, etc — vide infra — the action 
is favoured by the so called iron-bacteria S de Luca, and A Krause studied 
the oxidation of ferrous carbonate by air m the presence of water The hydrated 
feme oxide is formed when many ferrous salt soln are oxidized by hydrogen 
dioxide (G C Weltzien), sodium dioxide (G Kassner, andT Poleck), barium dioxide 
(W Kwasmk), potassium hypochlorite (F Muck), potassium chlorate (R Phillips, 
and R H Parker), or aunc chloride (E Beutel) F Behrend, and H Molisch 
observed that soln of ferrous sulphate, acidified with citric acid, give a precipitate 
of hydrated feme oxide when exposed to light , O Baudisch and L W Bass, 
H W Fischer, J Matuschek, and C F Schonbem obtained a similar result by 
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exposing a soln of potassium ferrous cyanide to light, and W A Macfadyen 
observ ed that the hydrated oxide is formed during the electrolysis of a soln of 
ammonium ferrous sulphate 

The hydrogel of ferric oxide is formed during the hydrolysis of some feme salt 
soln — e g G Keppeler and J d’ Ans observed that it is deposited during the 
hydrolysis of basic feme sulphate — and m the decomposition of aq soln of ferrites, 
perferrites, and ferrates (q v ) 0 Hauser observed that the hydrated oxide is 

deposited during the evaporation of a soln of ammonium feme carbonate, 
G Kassner, and G Grube, during the hydrolysis of a soln of potassium f emeyamde, 
and, according to C F Schonbem, and J Matuschek, the reaction is favoured by 
exposure to light , J H Paterson, by the electrolysis of soln of ferric salts with 
platinum electrodes, a low cone, and a small current density L Mond and 
co-workers, and M Berthelot found that the hydrolysis of iron pentacarbonyl 
furnishes the hydrated oxide S Kern found that an aq soln of ferric chloride in 
contact with magnesium yields hydrated ferric oxide , H W Fischer obtained a 
similar result with zinc , and G McP Smith, by the action of mercury in the 
presence of alkali hydroxide If an alkaline soln of potassium femeyamde be 
heated with an excess of ferrous sulphate, H Bollenbach and E Luchmann found 
that hydrated ferric oxide is precipitated 

The hydrogel may be also produced by the coagulation of the hydrosol under 
suitable conditions The formation of the hydrogel from the hydrosol was observed 
byL P deSt Gilles, N R DharandD N Chakravarti, R Gnessbach and J Eisele, 
S Veil, J Bohm and H Niclassen, A Simon and T Schmidt, E Wedekind and 
W Albrecht, K Chantschkofi, etc — mde supra Slow, uniform precipitation of 
the hydrosols throughout their entire mass produces the so called feme oxide 
jellies, whilst rapid, uneven precipitation results m contraction and the formation 
of a gelatinous precipitate E Grimaux’s sol, obtamed by the addition of water to 
an alcoholic soln of ferric ethylate — mde supra — forms a jelly more readily than 
Graham’s sol because, being produced by rapid hydrolysis m the cold, it contains 
liner, and more hydrated particles , and for a similar reason, Graham’s sol is 
more readily coagulated to a jelly than is the case with St Gilles’ sol R Brad- 
field used the centrifuge for isolating the hydrogel E Schalek and A Szegvary, 
and H Freundhch and A Rosenthal obtamed the coagulum from Graham’s sol as 
a jelly by adding electrolytes m amounts below the precipitation values to colloidal 
soln containing 6 to 10 per cent of ferric oxide, and allowed the sols to stand quietly 
The mixture set to a clear jelly The jelly formed a sol on shaking up and this 
solidified slowly to a hydrogel The logarithm of the time required for solidification 
after the shaking of the jelly, was found to be inversely proportional to the temp 
and to the cone of the coagulating electrolyte — vide supra , thixotropy No change 
m the average distance of the particles and no formation of secondary particles 
could be detected by the ultramicroscope during the hquef action The subject 
was studied by H Freundhch and W Rawitzer, and H Freundhch and K Sollner 
H B Weiser attributed the reversible sol-gel transformation to a breaking up and 
subsequent re-ahgnment of the onentmg forces amongst the particles 

E Grimaux’s sol coagulates spontaneously to form a transparent jelly when it 
is allowed to stand without agitation, at room temp , or more rapidly when heated , 
or when it is treated with electrolytes — carbonic, sulphuric, or tartanc acid , nitrate, 
chloride, or bromide of potassium , the chloride of sodium, barium, etc E Gnmaux 
also prepared a jelly by the dialysis of a negative sol prepared by the peptization of 
hydrated feme oxide with alkah-lye and glycerol , if ammonia is used m place of 
alkah-lye, and the sol be exposed to air, the slow loss of the peptizing agent, ammonia, 
by evaporation, forms a jelly H W Fischer also produced a firm jelly by the 
prolonged dialysis of a hydrosol containing 1 per cent of iron This preparation 
formed a gelatinous mass when it was warmed, stirred, or frozen H B Weiser 
also mentioned the formation of a jelly by the slow evaporation of a cone 
Graham’s sol of a high degree of punty S Prakash and N R Dhar studied 
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the formation of the gel 1) H Ghosh obtained feme hydroxide as a rhythmic 
precipitate 

A W Bull and J R Adams’ observations on the adsorption of alkali by hydrated 
ferric oxide are indicated m connection with sodium ferrite W NT Simakoff studied 
the reciprocal action of sols of ferric hydroxide, aluminium hydroxide, manganese 
dioxide, and silicic acid The sparing solubility or insolubility of many hydrated 
oxides is, according to J Jeannel, connected with the presence of traces of sulphate, 
but J Attfield did not agree with this According to F Muck, the hydrated oxide 
forms a voluminous, gelatinous precipitate which shrinks considerably on drying to 
form a yellowish-brown, brittle mass This product loses water when gently 
heated, and, as the temp is raised, it becomes calorescent — mde supra — without 
further loss in weight, to form a black, lustrous mass, hard enough to scratch glass 
On the other hand, the hydrated ferric oxide, prepared by the oxidation of hydrated 
ferrous oxide, is pulverulent — particularly if prepared from hot soln , it does not 
shrink much on drying, and then forms a friable mass This product does not 
exhibit calorescence when heated, and it forms a reddish-brown, friable mass without 
lustre This recalls the pre^ ious discussion on the St Gilles’ sol, and Graham’s sol, 
and the supposed allotropic forms of the hydrated oxide According to 
L T Wright, recently precipitated, gelatinous ferric h} droxide, when suspended in 
water and saturated with hydrogen sulphide, is completely soluble in a soln of 
potassium cyamde forming potassium ferrocyamde and sulphide FeS+6KCy 
=K 2 S+K 4 FeCy 6 , but if the ferric hydroxide be kept some time, a certain pro- 
portion is converted into an inactive form, not affected by hydrogen suiphide 

According to D Tommasi, there are two senes of hydrated oxides, yellow, and 
red or brown, which are isomeric or allotropic forms of one another The members 
of the red series are produced by precipitating a soln of a ferric salt with an alkali , 
the product is voluminous, soluble m dil acids, and, according to A E Davies, is 
dehydrated by boiling water The members of the yellow senes are obtained by 
the oxidation of hydrated ferrous oxide or carbonate — say, by potassium chlorate, 
potassium hypochlorite, or if iron be slowly oxidized under water R Phillips 
found that if the chlorate be added to the ferrous sulphate and sodium carbonate 
m small portions at a time, black ferrosic oxide is formed, and is not oxidized to 
red ferric oxide by subsequent addition of the chlorate The yellow hydrates are 
denser than the red, they are sparmgly soluble in cone acids, reqmre a higher temp 
for dehydration, and retain a mol of water even when boiled for a long time under 
water D Tommasi thus summanzes the properties of the two senes of hydrated 
feme oxides 

Bed on a Series Yellow on Series 

1 Obtained by precipitating a ferric salt 1 Obtained by oxidizing hydrated ferrous 

with alkali lj e or ferrosic oxide or ferrous carbonate 

2 The dihydrate begins to dehydrate at 2 The dihydrate begins to dehydrate at 

60° 105° 

3 The monohydrate is dehydrated at 92° 3 The raonohj drate is dehydrated at 150° 

4 The anhydride is brown 4 The anhydride is red or yellowish red 

5 The sp gr of the anhydride is 5 11 5 The sp gr of the anhy dnde is 3 95 

6 The hydrates are soluble m dil acids, and 6 The hydrates are sparing] \ soluble m 

m soln of ferric chloride cone acids, and m soln of feriu 

chloride 

7 The hydrates are dehydrated in boiling 7 The hydrates are dehydrated m boiling 

water water 

A Krause said that the yellow oxide, which he called meta-femc oxide or fi-ferric 
oxide , is the more stable form, because the brown oxide, which he called ortho-ferric 
oxide or a-femc oxide, passes into it when kept under water Contrasting the two 
oxides, he said that when dried m air, the ortho-oxide breaks up, forming black 
pieces which furnish a brown powder, which contains some carbon dioxide, and 
when dried, 70 0 per cent of Fe 2 O s The meta-oxide when dned forms a vitreous 
mass which does not break up, and furnishes a yellow powder with a reddish tinge 
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It contains no carbon dioxide, dhd the dried mass has 82 5 pei cent Fe 2 0 3 Both 
forms are soluble m cone hydrochloric acid The ortho oxide dissolves almost 
completely m cone acetic acid forming a brick red soln which yields crystals of the 
acetate , the meta-oxide is almost insoluble m cone acetic acid, and the soln does 
not form crystals of the acetate The ortho oxide is jieptized by dil acetic acid, 
and the hydrosol is yellow, orange, or dark red, according to the proportion of 
contained feme oxide , the meta-oxide forms an orange hydrosol, and when \ ery dil , 
it is greenish-yellow The ortho oxide is not peptized by 10 per cent aq ammonia, 
while the meta-oxide is peptized to a greenish-yellow hydrosol Boiling 76 4 per 
cent soda lye does not dissolve the ortho oxide completely, but the meta oxide 
readily forms a colourless soln Ammonium sulphate coagulates the hydrosol of 
the meta oxide more readily than the ortho oxide J M van Bemmelen showed 
that the ratio of oxide to water in the reddish-brown senes depends entirely on the 
method of treatment, and that all the definite hydrates which have been reported 
are nur zufalhg being dependent on the accidental conditions used m drying 
D Tommasi represented the reddish-brown hydrate by the formula 

Fe— 0\ ~ 

Fe-O/ 

and the yellow hydrate 0— Fe-O-Fe— 0 each with one, two, or three mols of 
H 2 0 , but, added J M van Bemmelen, alles dies ist mchts als reme phantasie The 
differences between the yellow and red hydrated oxides are determined solely by 
differences in physical structure H B Weiser added that the later work of 
E Posnjak and H E Merwin — vide infra — has shown that the greater tenacity of 
the water in the yellow hydrates may be due to the formation of a definite hydrate 
P Nicolardot considered that he had established the existence of six modifications 
of hydrated ferric oxide He said that the majority of the crystalline ferric salts 
are white, and he therefore concluded that the normal hydrated oxide should 
also be white He found that the white hydrated oxide is formed when a freshly 
prepared, cone soln of a ferric salt is added to a cooled soln of ammonia, but it 
rapidly becomes coloured He said that the six different forms of the hydrated 
oxide differ in their physical and chemical properties, and m their water-content 
Toutes sont des polymeres de Vhydrate fernque , but their degrees of polymerization 
are different G N Wyrouboff and A Verneuil suggested that the feme oxide 
obtamed at the higher temp , and which is very little affected by acids, and forms a 
red hydrate on salt dialysis, is a hydrate of a polymerized oxide, (E^Os)^, which 
he calls para oxide The product obtamed by L P deSt Gilles was (Fe 2 0 3 )44 4HC1 
The product obtained by the dialysis of cold soln of ferric hydroxide m a neutral 
feme salt contains two polymers both of which can unite with acids to form clear, 
reddish-brown soln The one oxide, (Fe 2 0 3 ) 4 4, called meta oxide , is polymerized 
during dial} sis to form a h}drate or salt of (Fe 2 0 3 )5 6 T Graham’s product was 
represented as (Fe 2 0 3 ) 56 4HC1 This subject has been previously discussed , 
J M van Bemmelen would also have called all this pure phantasy, while 
H W Fischer said that the hypothesis is expenmentell unzureichend gestutz und 
terfehU 

The feme ferrite obtamed by the interaction of hydrated ortho- and meta 
ferric oxide was found by A Krause to be readily peptized by dil acids after it 
had been ignited The resulting sol contains positively charged particles, and its 
hydrophobic nature is evident from the readiness with which it deposits a feme 
oxide mirror on the walls of the containing vessel Ortho-ferric hydroxide is partly 
converted into feme femte by agemg under water, or soda lye yields the same sol 
after it has been ignited Neither ortho nor meta-femc hydroxide is peptized by 
acids after ignition, but the meta oxide, unlike the ortho oxide and feme femte, 
is peptized by dil aq ammonia after it has been ignited The hydrosol of meta- 
fernc acetate has only a slight tendency to produce a mirror, and ortho-feme 
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acetate lias none, and it even exerts a stabilizing influence on the meta-ferric oxide, 
and ferric ferrite sols Hence, A Krause concluded that there are three series of 
ferric oxides and hydroxides 

Attempts have been made to find how the water is associated with the hydiated 
ferric oxides, and to establish the chemical individuality of particular hydrates 
So long as the earlier workers relied upon analy sis alone, there w as no limit to the 
number of possible hydrates, for, as J M van Bemmelen has pointed out, the 
results depended more or less on the actual choice of the method of drying In 
only one case does the hydrate exist m a crystalline form, viz , Fe 2 03 ,H 3 0 , m all 
other cases, the products are amorphous, and have the character of hydrogels 
The hydrates are usually hygroscopic substances so that the proportions of water 
they contain at any moment fluctuates with the temp and humidity of the atmo 
sphere Nature also furnishes a series of eight minerals which have the character 
of hydrated feme oxide, and of these only two occur m the crystalline state — vide 
supra, the hydrosols Precipitated feme, and several other hydroxides may be 
regarded as soln of water m ferric oxide, etc , or m one of their lower hydroxides 
T M van Bemmelen called them adsorption compounds, and considered that the 
moist precipitates contain ( 1 ) water mechanically mixed with the precipitate, and 
( 11 ) absorbed water The amount of absorbed water is dependent on the structun 
of the gelatinous mass which m turn is dependent on ( 1 ) the method of formation, 
(2) the time, (3) temp , and (4) the presence of foreign substances If the adsorbed 
water be dissolved m the oxide or lower hydroxide, when the water is gradually 
withdrawn from the system the vap press of the mixture will remain constant so 
long as free water is present mechanically mixed with the precipitate, and commence 
to decrease when the free water has disappeared The composition of the residue 
at this stage will represent the composition of + he sat soln of water in the oxide 
under consideration Hence, at a constant temp , hydrated ferric oxide, prepared 
m different ways, should bhow the same composition at the point where the vap 
press begins to change, provided the system is m equilibrium H W Foote found 
this to be the case with ternc, aluminium, and zirconium hydroxides The com- 
position changes with temp , as would be expected if these hydroxides are but soln 
of water m the fundamental oxide or m some lower hydrate At 25°, with hydrated 
feme oxide the critical point occurs when the hydrate contains 47 75 per cent of 
feme oxide , with hydrated aluminium oxide, 50 35 per cent of alumina , and 
with hydrated zircomum oxide, 32 12 per cent of zireoma The difficulties m 
accepting this hypothesis depend on the facts (1) If the dissolved water be removed 
by evaporation, it can never be completely restored , (2) when a moist hydrate is 
allowed to dry spontaneously there is no sign of an abrupt change m the rate of 
evaporation 

W Ramsay, and G Tschermak tried to find if the existence of definite hydrates 
could be established by measuring the rate of the drying of the hydrogel at a given 
temp J M van Bemmelen’ s hydration and de 


hydration curves are lllustiated m Fig 535 
In drying, the loss of water is continuous with 
the decrease m the vap press of the water The 
general result resembles that obtained with silicic 
acid At 0, the drying gel becomes white and 
opalescent , the re-hydration of the gel does not 
follow the same track R Zsigmondy and co 
workers, W Bachmann, and J S Andersen also 
measured the vap press of the hydrated oxide 
during drying T Carnelley and J Walker, and 
A L Baikoff studied the dehydration of the 
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Fig 535 — Hydration and De 
hj dration of the Hydrogel of 
Ferric Oxide 


hydrogel at different temp At 55°, the composition of the hydrated oxide approxi- 
mates Fe 2 0 3 3H 2 0 , and as the temp rises, more water is evolved until, at 385°, 


the product has the composition 10Fe 2 0 3 H 2 0, and the weight remains constant 
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during several hours’ heating between 385° and 415° At 500°, the dehydration is 
complete Observations on the subject have been made by C F Cross A E Davies, 
L P de St Gilles, A Kneger, L G Leroy, F Limberger, F Muck, W Ramsay* 
G Rousseau and co workers, Z Roussm, L Schaflner, H Schiff, W Spring, 
D Tommasi and G Pellizzari, G C Wittstem, D Balarew and S Krastew, 
L T Wnght, P A Thiessen and R Koppen, and G F Huttig and A Zorner— 
vide infra According to the vap press curves of J M van Bemmelen and 
co-workers, E Brescius, T Carnelley and J Walker, H W Foote and co workers, 
W B Hardy, W Ramsay, E Y Rode, A Simon and T Schmidt, and G Tschermak, 
feme oxide hydrogel does not form a chemical compound R Willstatter and 
co-workers do not consider the results decisive, and the conclusion is not proven 
A V Rakovsky studied the subject R E Wilson and T Fuwa investigated the 
absorbent power of the gel for moisture m air For the action of heat on the 
dehydrated gel, vide m / pra > ferric oxide 

E Wedekind and W Albrecht found that the magnetic susceptibility of ferric 
oxide is 4 or 5 times less than that of the hydrated oxide, and they consequently 
mf erred that a compound is formed R Willstatter and co workers treated the 
gel successrvely with dry acetone and ether, followed by the preservation of the 
sample in a high vacuum for some time This is said to remove all the adherent 
water The product treated at 10° to 20° has rather less water than is needed for 
Fe(OH) 3 , and the amount decreases slowly when it is kept for a protiacted period 
in contact with water A preparation dried with acetone at —15° had the approxi 
mate composition Fe(OH) 3 H 2 0 A Simon, and R Zsigmondy doubted if these 
products are chemical individuals 

In H W Foote and B Saxton s study of the changes m vol which occur on 
freezing the hydrogel, owing to the water expanding when it forms ice, if this 
amount of water be subtracted from the total loss on ignition, the difference is taken 
to represent the water chemically combined which cannot be frozen This corre 
sponded with Fe 2 0 3 4 25H 2 0 The water which freezes gradually with a fall of 


temp is held in the capillaries — capillary water It was assumed that the loosely 
o attached water freezes at 

4°° n I 1 nr I 1 1 T 1 1 ll ' I I I I I — n a kout —5° , and that the ca 

M H H i i HH I I I H H — I — H— pillary water freezes at —30° 

The debatable assumption 
made is that the failure of 
water to freeze at a given 
temp determines whether 
the water is dissolved oi ad- 
sorbed No evidence of the 
formation of simple ratios 
between ferric oxide and 
water was observed during 
the dehydration of the hy- 
drogels, so that the term 
chemically combined water 
was understood to refer to 
water held m solid soln , m 



MoLs of water per mol of Fe z 0 3 definite proportions, and not 

-p™ KQft rv^v j . ^ tt j , * adsorbed water K Hako- 

Fio 536 -Dehyd^tion of the Hydrogel of za]fl dl8CUSSed the 8wellulg 

of the hydrogel, P Barry, 
and R E Liesegang, the structure of the slowly fined gel , and A and E Lotter- 
moser, the ageing of the gel 

A Simon and T Schmidt prepared hydrated ferric oxide I, by precipitation 
from a soln of feme nitrate at 40° by ammonia , II, by precipitation from a cold 
soln of feme chlonde by ammonia , and III, by the dialysis of a soln of feme 


Fig 536- 


-Dehydration Curves of the Hydrogel of 
Feme Oxide 
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nitrate until the hydrogel precipitated and the residue was free from nitrate 
Sample I was relatively coarse, II relatively fine, III, was of intermediate 
fineness The dehydration curves, Fig 536, are all continuous, and show no 
indications whatever of h} drates contaimng 1, 2, 3, or more mols of water X radio 
grams showed that I was amorphous when dried m air, but showed amieroscopic 
crystals of ferric oxide if heated high enough to dri\ e off all the water , while the 
air dried oxide III, obtained by slow hy drolysis, showed a weak interference pattern 
different from that of J Bohm for anhydrous feme oxide This is taken to mean 
that certain gelatinous substances may contain water m solid soln between the 
onentedmols of the space lattice, just as E Posnjak and H E Merwm found that 
water mols may assume a fixed position m the ferric oxide lattice to form the 
monohydrate Fe 2 O s H 2 0 

J Bohm showed that the hydrogel, freshly precipitated in the cold, shows no 
crystalline structure when examined by the X-r idiogram process , nor does the 
hydrogel precipitated from the boiling soln gi\ e any e\ idence of the formation of a 
definite hydroxide, but a basic ferric chloride is associated with the precipitate 
The mam conclusion here indicated agrees with the work of 6 F Huttig and 
H Garside, A Simon and T Schmidt, and F Haber The subject was also dis- 
cussed by E Heymann, E Wedekind and W Albrecht, and D Balarew and 
S Krastew P A Thiessen and R Koppen said that the dehy dration cur\ e of the 
hydrated oxide obtained by exposing a soln of ferric ethylate, m absolute alcohol, 
to water \apour, agrees with the assumption that there are eight hydrates 
2Fe 2 0 3 wH 2 0, with n= 8, 7, 6, 5, 4, 3, 2, and 1, as well as the more doubtful cases 
of n = 9 and 10 W C Hansen and L T Brownmiller found that no crystalline 
structure appears when the hydrogel is heated an hour at 200°, hut if heated an 
hour at 300°, the structure of haematite appears , aged hydrogels, natural or artificial, 
were found by J Bohm and co-workers to show the structure of haematite with some 
distortion which E Wedekind and W Albrecht, and A Simon and T Schmidt 
attribute to the introduction of a number of H 2 O-molecules m the spaces m the 
lattice J A Hedvall also found that the dried hydrated hy droxide has a cry stallme 
structure 

According to M Biltz, the hydrogel has a sponge like structuie m which there 
are two kinds of capillary canals — primary and secondaiy The adsorption of 
water by the dried gel is due to the fillings of the primary canals followed by the 
filling of the secondary canals when the a ap press of the watei has ittamed a high 
value, so that, according to F Haber, the gel is built up of aggregates of molecules 
separated from one another by layers of water A Simon and T Schmidt said that 
the amount of water associated with the hydrogel depends on the giam-size or degree 
of dis persion of the molecular aggiegates , a pxeparation with finely dispersed 
aggregates had Fe 2 0 3 H 2 0=1 36 29, one with medium dispersion, 1 30 36, 
and with a coarser dispersion, 1 14 58 The force when the water is retained by 
the hydrogel is greater the greater is the degree of dispersion The structure of the 
hydrogel was also discussed by G Malfitano and M Sigaud, and P P von Weimarn , 
W Kraust found that the X radiograms of the fresh precipitate showed that the 
product is amorphous, but on standing, it gradually becomes crystalline 

T Katsurai observed that when the hydrogel is heated with a slight excess of 
alkali m an autoclave at 5 to 10 atm press , a red powder is produced According 
to O Ruff, when red colloidal ferric oxide is heated with water under the enormous 
press of 5000 atm , it becomes hydrated Thus, between about 30° and 42 5°, it 
yields a yellow hydrate 2Fe20 3 3H 2 0, corresponding with natural brown ironstone 
or hmomte , and between 42 5° and 62 5° it yields the yellowish-brown hydrate 
Fe 2 0 3 H 2 0, corresponding with the mineral goethite , and at a higher temp it 
furnishes a hemihydrate 2Fe 2 0 3 H 2 0, equivalent in composition to turgite 
H Wolblmg said that only the hydrated hematites can be h} diated under ordinary 
conditions of temp and press , and added that O Ruff’s products were m all 
probability mixtures of anhydride and a hydrate The mol vols of brown iron- 
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stone, goetlnte and turgite ue said to be smaller than the mol vols of the com 
ponents, because increasing the press favours the formation of that compound 
which is formed with a decrease in vol The red hydrogel at ordinary temp 
gradually passes into a stabler, less hydrated, and denser state, without producmg 
a definite hydrate It is, therefore, assumed that the hydrogel very slowly loses 
water and passes into the anhydrous oxide The dehydration process, however, at 
ordinary temp is ne\ er complete because another simultaneous reaction occurs so 
that the hemitnhydrate is formed, and this hydrate, the brown ironstone or limomte 
of the mineralogist, is the most stable of the hydrates of ferric oxide 0 Ruff 
represented the successu e stages CoUoid->anhydnde->hemihydrate->mono 
hydrate->hemitnhydrate He found that the yellow colloid did not change in 
the temp interval 40° to 70°, like the red hydrogel, and he accordingly inferred that 
the yellow colloid is not really a colloid but a true hydrate, possibly of the character 
of xanthosidente , but 0 Ruff himself added that kmonite at 70° or 75°, and 
turgite at 40° to 50°, did not behave as they would do if O Ruff’s hypothesis were 
correct, and form respectively turgite and limomte H W Fischer favoured the 
hypothesis that many of the colloidal or amorphous ferric oxides are definite com 
pounds He said that there are three definite hydrates the yellow hydrates — 
xrtificial and natural — of the limomte type , the reddish-black colloid of the 
hematite type , and the reddish brown colloids studied by J M van Bemmelen 
He based his opinion regarding limomte on its having a characteristic dehydration 
curve This might fir the opinion that the yellow colloids contain a definite hydrate 
of the goethite type, and C Hmtze regarded hmomte as colloidal goethite 
H W Fischers remarks on the other colloids are to be regarded more as 
opinions, since they were not based on experimental work — cf ferrous oxide 
J R I Hepburn found that the colloid after a prolonged freezing has some 
properties usually regarded as characteristic of the crystalline state G Graue, 
and O Hahn and G Graue discussed the surface area of the gel 

W Spring found the specific gravity of the hydrogel precipitated by ammoma, 
and dried m air, to be 2 436 at 15° , G Bemdt gave 1 264 for the impure hydrogel 
obtained by the slow oxidation of ferrous carbonate m air, A E Da\ les found 
4 545 for the sp gr of an aged hydrogel, boiled for a long time with water, and con 
taming about 5 per cent of water , whilst B Aarmo gave 3 6 for a specimen which 
had been heated to 200°, and which contained 1 5 per cent of water F Muck 
emphasized how the freshly-precipitated, voluminous hydiogen shrinks enormously 
as it dries to a buttle, hard mass and R Willstatter and co-workers said that 
the drying of the hydrogel is attended by a marked coagulation of the molecular 
aggregates The subject was discussed by E Brescius, and W Hampe B Aarmo 
said that the hydrogel precipitated by ammoma, and dried at room temp , 
retains the following proportions of water on dehydration at 

100° 200 soo° 700 

Retained water 10 15 10 0 0 per cent 

The subject was discussed by T Carnelley and J Walker, W Ramsay, A Simon 
and T Schmidt, R Wallach, and R Willstatter and co-workers — vide infra , the 
special hydrated oxides T W Richards and G P Baxter emphasized the difficulty 
involved m driving off the last traces of moisture from the hydrogel, due m part, 
said N A Tananaeff, to the formation of hard crusts on the surfaces of the gra ins 
H Freundlich noted the liquefaction of the gel by ultrasonic waves For 
the calorescence when heated, vide supra, feme oxide The ageing* and possible 
crystallization of the hydrated oxide when subjected to freezing, was discussed by 
J M ^ an Bemmelen and E A Klobbie, H W Foote and B Saxton, and F Lim- 
berger and G G Witt stem According to J R I Hepburn, practically no 
dehydration of h> drated feme oxide occurs during freezing , the absence of 
mother-liquor during freezing does not affect the dehydration curve or the 
composition after desiccation In general, the products of freezing are colloidal, 
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but they may present some physical characteristics of the crystalline state , thus, 
optical activity may be detected, but it is rather the result of strains set up by 
pressuie than the effect of a crystalline structure J Thomsen obtained for the 
heat of formation (2Fe,30,nH 2 0)— 191 13 Cals , and M Berthelot, 191 2 Cals 
The subject was discussed by F Haber J Thomsen gave for the heat of 
dissolution of Fe 2 0 3 wH 2 0 in sulphuric acid, 33 75 Cals , m chloric acid, 32 34 
Cals , and m hydrochloric acid, 33 45 Cals , M Berthelot gave for dil hydro- 
chloric acid, 34 2 Cals , and m hydrofluoric acid, 0 Mulert gave 47 55 Cals , 
and E Petersen, 47 72 Cals 

For F Doennckel’s observations on the specific heat of the hydrogel, vide 
supra, the hydrosol For the electrical properties, vide supra , the hydrosol 
Some observations on the magnetic properties of the hydrogel of ferric oxide were 
made by J Plucker, S H Emmens, S de Luca, J L Smith, and 6 Wiedemann , 
and numerous observations have been made on the mass magnetic susceptibility of 
the hydrogel prepared m different ways Thus, E Wedekind and W Albrecht 
found for a sample precipitated by ammonia from ammonium ferric sulphate, and 
dried by acetone, ^=100xl0~ 6 , it contamed 23 5 per cent H 2 0 A sample 
similarly treated and obtained from ferric sulphate, contained 22 3 per cent H 2 0, 
and had ^=224 xlO -6 When similar samples were dried below 100° to 14 4 per 
cent H 2 0, E F HerrounandE Wilson observed that x=102xl0~ 6 to 115 Xl0~ 6 , 
and if dried to 10 1 per cent H 2 0, x=127 x 10~ 6 to 147 x 10" 6 A sample obtained 
by ultra-filtration of a dialyzed soln of feme chloride, and dried by acetone, gave 
X— 32 5 X 10 _G , and it contamed 22 3 per cent H 2 0 , and a sample obtamed by the 
action of hydrogen dioxide on iron pentacarbonyl, when dried in air, gave 
X=46 X 10~ 6 , and it contamed 31 6 per cent H 2 0 , whilst a sample dried by acetone 
gave x— 65 x 10~ 6 , and it contamed 22 4 per cent H 2 0 S Berkman and H Zocher 
found that a sample obtamed by dialyzing a soln of ferric chloride gave 39 x 10~ 6 
A Quaitaroli observed that a sample precipitated by ammonia from a cold soln of 
feme chloride gave x=58 16 xl0~ 6 , 24 hrs after filtration, x==79 9x10 , and 

when dried between filter-paper, x=118 4 X 10~ 6 R Willstatter and co workers 
obser\ed that the susceptibility mcreased during the progressive dehydration of 
the hydrogel Thus, with a precipitated and dried hydrogel 

H a O 22 1 24 3 24 7 25 1 30 0 32 b 40 5 42 8 per ctnfc 

XXlO 6 155 117 105 103 88 80 73 71 

and with a hydrogel prepared by hydrolysis with water in a sealed tube, and dried 
by acetone 

H a O 24 7 22 4 19 0 12 8 10 1 9 2 6 9 5 9 per cent 

X X 10® 105 150 208 286 155 114 6 9 5 9 

E Wedekind and W Albrecht, and 6 Wiedemann observed that the ageing of 
the hydrogel at ordinary temp is attended by a nse in the susceptibility , and 
& Veil studied the change which occurs m the susceptibility when the gels are 
heated with water W Albrecht observed that as the proportion of contamed 
water is reduced, the susceptibility rises to a maximum at x=420xl0“ 6 , and a 
minimum at ^=280 X 10 -6 R Wallach found that when dehydrated at different 
temp , there is a maximum at 200°, and a minimum at 650° , these temp alter a 
little with different preparations Treatment of the gels with hydrogen dioxide 
was found by S Veil to depress the susceptibility , and S Hilpert found that treat- 
ment with persulphate makes the gel strongly magnetic O Hauser found that the 
hydrate Fe 6 0 7 5H 2 0 furnishes strongly magnetic hydrated feme oxide — not so, 
added H Chandra, if Fe 6 0 7 5H 2 0 be treated with soda-lye and hydrogen dioxide 
Gr Berndt observed that hydrated feme oxide, obtamed by the oxidation and 
hydration of ferrous carbonate, has a vol susceptibility which is dependent on the 
field-strength, and it also exhibits magnetic hysteresis S Veil also studied the 
magnetic properties of the hydrated oxide 
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In general, is C Whitehead showed, se\ eral of the acid forming elements 

phosphorus, irsemc, antimony, tin, selenium, ind tellurium — are precipitated as 
insoluble compounds when an excess of ferric salt is added to ammomacal soln 
The adsorption of phosphoric acid by hydrated ferric oxide was examined by 
E Angelesen and G Balanesen , and R Bunsen and A A Berthold studied the 
adsorption of arsemous acid by freshly precipitated, hydrated ferric oxide so that 
this reagent can be used as an antidote for arsenical poisoning — a subject discussed 
by I) Machgan, R H Biett, J M Cla\era, K 0 Sen, A BoutancandO Perreau, 
I H Orton, T and H Smith, J Zeller, and N T B G Guibouit While 
A Rc^chler, T Oryng, etc, hold that complex, sparingly soluble armnites are 
formed W Biltz showed that the effect is really an adsorption process, for the 
pioportion of arsenic taken up by the hydrated oxide vanes contmuousi} with the 
cone of the arsemous acid soln The isothermal curve varies continuously without 
a break G Lockemann and M Paucke found that the most complete adsorption 
occurs when the Hydrogel is precipitated with a stoichiometncal proportion of 
ammonia, an excess of ammonia or precipitation with alkali lye decreases the 
adsorptrv e power R Bradfield showed that such a proportion of ammonia gives the 
most finely divided and most readily peptized particles of hydrate G Lockemann 
and F Lucius found that the equivalent amount of hydrogel, E mgrms , reqmred 

to adsorb A mgrms of arsemc is 
given by E~kAp, where K and p 
are constants which vary with the 
temp M C Boswell and J Y 
Dickson, and W Mecklenburg found 
that the equation is only approxi 
mate For H W Fischer, and 
H W Fischer and E Kuzmtsky 
on the use of colloidal feme oxide for 
mtra venous injections m arsenical 
poisoning, vide supra M 0 Bos- 
well and J Y Dickson showed that 
the adsorption of arsemous acid is 
increased if sodium hydroxide be 
present, and that the adsorption of 
sodium hydroxide is increased if 
arsemous acid be present The 
adsorption of arsemous acid by hydrated feme oxide was studied by K C Sen, 
A Reychler, L Herboth, and J M Clavera — vide arsemc trioxide J H Yoe 
found that the rate of adsorption of arsemous acid by hydrated feme oxide is very 
rapid, for 75 per cent or more is adsorbed m the first few minutes, although the final 
state of equilibrium is not attained until after 12 hrs The adsorption power is 
lessened, as shown m Fig 537, the higher the temp of formation of the hydrogel 
Those formed at 0 and at 25° follow the simple adsorption equation xjm=1cC — 
vide 5 39, 9 A 

tt an< ^ ® Balanesen investigated the adsorption of phosphoric acid 

H N McCoy and 0 H Viol, and J A Cranston and co-workers studied the adsorp- 
tion of the B- and C-members of the radium and thorium senes by hydrated ferric 
oxide The at ratio of thonum-B to thonum C adsorbed is greater than the at 
ratio of radium-B to radium C 0 Erbacher and H Kading, 0 Hahn and M Biltz, 
and 0 Hahn studied the adsorption of radium emanation by the hydrated oxide , 
I Kurbatoff, the effect of the acidity of the soln on the adsorption of thonum-X 
by the gel , and D C Lichtenwalner and co workers, the adsorption of salts of 
magnesium, calcium and potassium by hydrated feme oxide gels The order of 
adsorption of the cations was found to be calcium, magnesium, and potassium , and 
of the anions, phosphate, sulphate, and nitrate In the case of nitrates, adsorption 
was very slight The time taken to attain equilibrium was considerably greater 



temperature of formation 


Fig 537 — The Adsorption of Arsemous Acid by 
Hydrated Ferric Oxide formed at different 
Temperatures 



IRON 


871 


for phosphates than for other salts The amount of adsorption of a particular salt 
increased with increased cone The adsorption of a cation depended to some extent 
on the particular anion with which it was associated Phosphates replaced adsorbed 
sulphates but the reverse change did not occur Sulphates and nitrates adsorbed 
by hydrogels could be removed by washing, but about two thirds of the adsorbed 
phosphate could not be leached out If hydrated ferric oxide is precipitated by 
ammonia from soln containing a copper or a nickel salt, some hydrated copper or 
nickel oxide is adsorbed, the amount depending on the proportions of the two salts 
present, and the amount of ammonia added , the hydrated copper and nickel oxides 
cannot be removed by washing, and A Charnou observed an analogous result 
when the precipitation is made m the presence of a calcium salt, and of a magnesium 
salt F Behrend, K Ruegg, N R Dhar and co workers, E Toporescu, and 
A Charnou studied the adsorption of other hydroxides — Ca, Mg, Cu, Ni, Fe(ous), 
Zn, Cd , A C Chatter] 1 and N R Dhar, the adsorption of the hydrosol of feme 
oxide , 0 Hahn and M Blitz, thonum emanation , M Blitz, radiothorium, and 
radium emanations , and 0 Nagel, the effect of adsorption on geochemical pro- 
cesses M Geloso observed that pre- 


cipitated hydrated manganese dioxide 2 5 
likewise adsorbs precipitated hydrated ^ 
ferric oxide E Dittler found that 
sulphuric acid may be adsorbed by 
precipitated hydrated feme oxide , * 0 

A Charnou, calcium hydroxide , | 

K Flerow, potassium nitrate , V H fo 
Hall, potassium sulphate , F Ibbotson * / 5 
and H Brearley, nickel salts, I M ^ 
Levy, copper and mckel salts, H Busch, 
manganous, mckel, cobalt, and zme | 
salts , N Nikitin, ammonia , W A f 0 
Lazier and H Adkins, hydrogen and ^ 
ethylene , A F Benton, hydrogen, § 
oxygen, carbon monoxide, and carbon | q g 
dioxide , Wo Ostwald and W Haller, j| 

cci 4 , c 6 h 14 , c 6 h 6 , ch 3 ci, (C 2 H 5 ) 2 0, 

CH 3 COOH, C 2 H 5 OH, and (CH 3 ) 2 CO , ;§ 

H N Holmes and C J B Thor, the ^ 0 
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adsorption of oleostearme from soln m Original concentration in milti equivalents 

volatde organic solvents, H B Weiser Fig S 38 -Tlie Adsorption of Some Organic 
and E E Porter, and C E White Acids by Feme Hydroxide 

and N E Gordon, P Rohland, and 


L Michaelis and P Rona, organic dyes, K C Sen, citnc, racemic, oxalic. 


sulphuric, malic, succimc, hippuric, and benzoic acids , K C Sen’s results for 
the adsorption of some orgamc acids are summarized in Fig 538 J H Perry 
found that in the adsorption of vapours from mixtures of vapour and air, (i) the 
adsorption efficiency is never 100 per cent , and decreases continuously until the 
saturation value is reached (chloroform, acetone, etc ) , (u) the adsorption is 100 


per cent efficient for some time, and then proceeds to the saturation pomt, which 
is reached only after a long time (carbon tetrachloride, ethyl alcohol, benzene) , 
(in) the curves are almost linear up to saturation, probably indicating chemical 
reaction (methyl alcohol) The addition of air to sulphur dioxide or ammonia 
causes a marked lowering of the saturation capacity of the gel The gel absorbs 
about 15 per cent of its weight of water with 100 per cent efficiency, after which 
the efficiency falls off up to saturation (18 per cent of its weight of water) 
J C Philip discussed the reversibility of the adsorptive process as illustrated by 
the failure of the sorption and desorption curves of feme oxide gel and benzene to 
coincide , and B Lambert and A G Foster, the pressure concentration equilibria 
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between ferric oxide gels and water, ethyl alcohol, and benzene J K Chowd 
bury and M N Pal, and B Lambert and A M Clark, and A G Foster 
studied the adsorption of benzene, D P Grettie and R J Williams, piperidine, 
nicotine, arginine, quinoline, adenme, cafieme, creatme, betaine, acetanilide, urea, 
acetamide, glucose, succinmnde, glycine, vicme, asparagme, glutamic acid, and 
aspartic acid , G Malquon, nicotine, caffeine, and quinine , H Freundlich and 
G Lmdau, proteins , E Abderhalden and J Heumann, tripsin , A W Bull 
and J R Adams, sodium alizarin , and A Boutanc and M Doladilhe, organic 
dyes W Stollenwerk and M von Wrangell found that with feme oxide gels 
in soln of sodium hydio , dihvdro , and normal phosphate, the phosphate is 
adsorbed in continually increasing amounts until a maximum is attained m about 
12 hrs , and after that there is a reuograde adsorption, for the adsorbed phosphate is 
gradually given up again M A Rakuzm obseived that neither the anhydrous 
nor the hydrated feme oxide exerts a perceptible adsorption when immersed for 
24 hrs manaq soln of egg-albumm Partly dehydrated or anhydrous ferric oxide 
has a relatively high adsorptive powei for gases at elevated temp Hence its use m 
burning hy drogen sulphide for the recovery of sulphur and m a process for making 
salt cake, discussed by E Jobling, and E K Rideal and H S Taylor , and m 
the contact process for sulphuric acid, discussed by G Lunge and K Reinhardt, 
G Keppeler and co-workers, J Krutwig, and L and P Wohler and co worker, 
T Ito studied the action of silver nitrate on hydrazine hydrate, hydroqmnone, and 
sodium h^drosulphite m a medium containing the h}drated ferric oxide 

H Moissan observed that hydrogen at 440° reduces hydrated ferric oxide to 
ferrosic oxide The loss of water, and the diminution m absorptive power and 
chemical actmty which occur when the hydrogel is kept under water were discussed 
by J Lefort, G A le Ro>, and F Limberger and G C Wittstein The changes — 
reduced dispersion, crystallization and loss of water — which occur m the hydrogel 
when it is heated under water were examined by E Berl and F van Taack, 
J Bohm, W Bruhns, A E Davies, L P de St Gilles, H de Senarmont, E Wede 
kind and W Albrecht, and S Veil — vide supra , and the change which occurs when 
the hydrogel is heated with water at a high press was investigated by 0 Ruff 
For the solubility m water, and for the solubility product, vide infra , feme 
hydroxide A Mailfert observed that the hydrated oxide dissolves m a soln 
of potassium hydroxide m the piescnce of ozone, forming potassium ferrate 
L J Thenard found that hydrated ferric oxide has no action on hydrogen 
dioxide R J Kepfer and J H Walton, I S Teletoff and E A Alekseeva, and 
G F Huttig and A Zorner studied the reduction with age m the activity of 
hydrated ferric oxide as a catalytic agent m the decomposition of hydrogen 
dioxide The activity decreased from 18 5 secs when 14 days old, to 20 secs 
when 41 days old, to 22 5 secs when 55 days old 

According to G Calcagm, C E Janssen, G A le Roy, F Limberger and 
G C Wittstein, B Reimtzer, 0 F Tower, and G C Witt&tem, the rate of dis- 
solution of the hydrated oxide in organic and inorganic acids depends on its previous 
history , the aged hydrogel dissolves m acids slowly 0 Mulert, E Peterson, and 
A Speransky found that the fresh hydrogel dissolves m hydrofluoric acid, forming a 
soln of ferric fluonde , and for the work of E Brescius, A E Davies, H R Ellis 
and W H Collier, F L Hahn and M Hertnch, F Herrmann, W G Mixter, 
H Schiff, D Tommasi and G Pelhzzan, S Veil, and R Willstatter and co-woikers, 
vide supra The action of hydrogen sulphide is discussed m connection with feme 
oxide P Berthier, A Gelis, C J Koene, L Marmo, J Meyer, J S Muspratt, 
K Seubert and M Elten, and H 0 H Carpenter found that with sulphurous 
acid it forms sulphite and dithionate H J Harrar found that 100 c c of 
sulphuric acid, at 25°, dissolves during 40 and 60 days’ action respectively 12 245 
and 14 236 mgrms of Fe 

F Ephraim observed that when the hydrogel is rubbed with sodamide, much 
heat is developed and feme oxide is formed O Faust, and A Guyard found that 
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the hydrogel is not soluble in aq ammonia in the presence of ammonium salts, 
but if some organic compounds are present, 6 P Baxter and R A Hubbard, and 
others observed that the hydrogel passes into soln C F Cross, and E Schirm 
obser\ ed that during the washing of the precipitated hydrate, it appears to dissolve 
— or it may be that the colloid is peptLzed According to G P Baxter and 
R A Hubbard, “ the solubility of hydrated ferric oxide in aq ammonia is caused 
by some organic impurity m the ammonia/ 5 and they tried, without success, to 
reproduce the phenomenon by mixing methyl-, ethyl-, dieth} 1 , and ^soamyl-amines, 
ethylenediamme, aniline, and phenyl hydrazine with ammonia H von Helmolt 
said that the hydrogel is soluble m a hot soln of ammomum fluoride, but not m a 
soln of ammonium chloride, and, according to W Yaubel, not m a soln of 
ammomum nitrate The adsorption of phosphoric acid and phosphates has been 
indicated previously , E Erlenmeyer found that it dissolves m a hot, 48 per cent 
soln of phosphoric acid , and R M Caven noticed that the fresh hydrogel reacts 
with a boiling soln of ammomum phosphate to form ferric phosphate The 
adsorption of arsemous acid by the hydrogel has ]ust been discussed, and 
A Rosenheim and St Thon obser\ ed that if heated m a sealed tube with a soln 
of arsemous acid, basic ferric arsemte is formed — vide supra , adsorption 
H N Hartshorne studied the action of arsenic acid According to P de Cleimont 
and J Frommel, the fresh hydrogel does not react with arsenic tnsulphide 

According to J A Sokoloff, carbon monoxide begins to reduce the hydrogel 
at about 150° F K Cameron and W 0 Robinson, and P N Raihow observed 
no reaction with carbon dioxide, but J Tillmans and co-workers stated that the 
hydrated oxide does absorb carbon dioxide G MacKmney, N R Dhar, G Rao 
and A Ram, G Rao and N R Dahr, and E Baur and A Rebmann studied the 
photo reduction of carbon dioxide to formaldehyde with colloidal feme oxide as 
catalyst According to E Wedekind and W Albrecht, and H W Fischer, freshly 
precipitated ferric hydroxide gradually becomes black m contact with 4 pei cent 
hydrocyanic acid, whilst the liquid acquires an intense reddish-violet colour, the 
cause of which has not been ascertained With increasing age of the ferric hydroxide, 
the colour becomes less intense, and is scarcely perceptible with a preparation 20 days 
old With specimens which have been preserved during 5 to 6 weeks, the blackening 
of the sohd or violet colour of the soln is not observed The black precipitate consists 
of a mixture of prussian blue and feme hydroxide , it is also formed when freshly 
prepared feme hydroxide is brought into contact with prussian blue The agemg 
of the hydroxide affects only the first phase of the change, viz , the reduction of 
feme to ferrous hydroxide by hydrocyanic acid G A Goyder found that when the 
hydrogel is treated with a soln of potassium cyanide, potassium ferrocyamde is 
formed N Tarugi, and K C Bailey found that the fresh hydrogel dissolves m 
thiocyamc acid to form feme thiocyanate , E Bellom, A Scheurer-Kestner, and 
0 F Tower, that it dissolves in formic acid C L Parsons and S K Barnes found 
that the hydrogel is insoluble in a 10 per cent boiling soln of sodium hydrocarbonate 
A Bette, F Haber and G vonOordt, C E Janssen, G Mankiewicz, S TJ Pickering, 
and B Reimtzer also found that the hydrogel is soluble in acetic acid , W G Bate- 
man and A B Hoel, in chloroacetic acid , F K Cameron and W 0 Robinson, 
J M Eder and E Yalenta, and A Rosenheim, in oxalic acid , F K Cameron and 
W 0 Robinson observed that the hydrogel dissolves in oxalic acid to an extent 
proportional to the cone of the acid, and no definite basic oxalate was formed at 
25° Soln of oxalic acid of sp gr S dissolve the following percentage amounts of 
hydroxide, estimated as Fe 2 0 3 

S 1 007 1015 1031 1040 1050 1 064 

Fe 2 O s 0 48 0 95 1 86 2 33 2 98 3 62 per cent 

A Bussv observed that the hydrogel is soluble in alkali oxalate soln , H Malfati 
found that the hydrogel is soluble in tartanc acid , E Landrin, and S U Pickermg, 
in malomc acid, tartanc acid, and in citric acid , G Werther, and E Soubeiran 
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and H Capitamt, m alkali tartrate soln , and G Caleagm, in glycollic and lactic 
acids According to H J Harrtr, the solubility of limomte expressed m milligrams 
of Feper 100 c c , at 25°, during 40 and 60 days’ action, is for formic acid respectively 
4 329 and 4 352 , acetic acid, 0 505 and 0 535 , propionic acid, 0 259 and 0 381 , 
oxalic acid, 6 645 and 3 825 , malomc acid, 10 520 and 12 125 , succinic acid) 

1 213 and 1 220 , lactic acid, 8 845 and 10 958 , tartaric acid, 10 528 and 16 098 , 
citric acid, 16 159 and 18 582 , benzoic acid, 5 888 and 6 039 , and salicylic acid, 
21 568 and 21 335 There is a definite relation between the strengths of the acids 
and the quantities of ferrous and ferric oxides and limomte dissolved The hydroxy 
acids which form complex amons with iron dissolve abnormal pioportions, and the 
soln undergo striking changes of colour Some of the supposedly weak organic 
acids dissolve remarkable quantities of iron, and m natural soln would be the most 
effective of all solvents J B Buit found that a 3 2 5 per cent excess of citnc acid 
is necessary to dissolve ferric hydroxide He also examined the reducing action 
of light on elixir of iron m the presence of quinine and strychnine J Wolff observed 
that the hydrated oxide is soluble m ammonium salicylate, and is precipitated from 
the soln by hydrogen sulphide M Leprmce found adsorption products were 
formed with methylarsmic acid A Naumann found that the hydrogel is insoluble 
in benzomtnle , and P Vignon, insoluble in trunethylamme , A Muller observed 
that the hydrogel is soluble to some extent m glycerol , J M van Bemmelen and 
E A Klobbie said that it is dehydrated by boiling glycerol , H Malfatti observed 
that it is soluble m polyhydne alcohols, glycerol, and sugar soln , and G Buchner, 
that it is soluble in soln of albumen C F Schonbein found that tincture of 
guaiacum is not oxidized by hydrated ferric oxide 

G Rousseau and J Bernheim found that the hydrated oxide dissolves m fused 
sodium hydroxide — vide infra , goethite G Zirrnte observed that if a current of 
air be passed into hot, cone soda lye containing hydiated ferric oxide m suspension, 
a httle ferric oxide dissol\ es without colouring the liquor, and when the soln has 
stood for some days, it becomes turbid owing to the separation of hydrated oxide 
The tuibid soln is clarified when it is warmed — vide infra , alkali ferrites, and 
ferrates The hydrogel dissolves m some soln of metallic salts to form complex 
salts C L Parsons and S K Barnes found that the hydrogel is insoluble in a 
10 per cent boiling soln of sodium hydrocarbonate H Ost observed no reaction 
with soln of magnesium chloride, and O T Christensen, that when fused with 
potassium hydrofluonde, potassium feme fluoride is formed W O Hickok 
observed that a soln of stannous chloride acts on goethite J Jeannel, and 
P Nicolardot found that soln of the hydrated oxide m one of feme chloride have an 
acidic character, they decompose carbonates, and are said to contain an oxychloride 
or basic chloride (q v ) According to E A Schneider, the hydrated oxide dissolves 
m a cone soln of alu m i n iu m sulphate, forming a brown liquor which can be 
evaporated without decomposition, but if water be added, a basic sulphate is 
precipitated A Charriou studied the adsorption of feme hydroxide by precipi- 
tates of barium sulphate, and calcium oxalate E S Hopkins discussed the use 
of hydrated feme oxide as a flocculant m the purification of water 

A red, earthy ore, sometimes mistaken for limomte and called red ochre , as well 
as hcemati&e, occurs m the Turginsk copper-mme near Bogoslovsk, Urals , in the 
Kolyvan district, Altai , near Hof, Bavana, near Siegen and Dusseldorf, Prussia , 
etc A Breithaupt 2 called it hydroheematite , andH R Hermann, turgite, or tunte 
or turjvte , according to the spelling adopted for the Russian name The word 
turgite is an incorrect German transliteration from the Russian Analyses were 
reported by P A Scheihjatschenskv, J Samo]lofl,C F Rammelsberg, F M Heddle, 
G J Brush, E Manasse, E Posnjak and H E Merwm, J Eyerman,H R Hermann, 
andG C duBois Turgite was also described by E S vonFedorofl andS N Nikitin, 
and A Krasnopolsky The results m some cases approximate to hemihydrated 
feme oxide, 2Fe 2 03 R2G With the analyses of N S Kumakoff and E F Rode, 
the percentage water m hydrohamatite ranges from 5 91 to 7 98, and a sample of 
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red Gloskopf had 0 60 per cent J D Dan i regarded turgite as identical with 
hydrohaematite G Tschermak, F Zirkel, F Klockmann, and P Groth discussed 
the right of turgite to be regarded as a definite mineral species , L J Spencei found 
that the dehydration cur\ e is different from those of limomte and goethite, and he 
favoured the hypothesis that the mineral is a distinct min eral species, and M Bauer 
represented it by the formula H 2 Fe 4 0 7 H W Fischer did not regard it as a 
definite individual, and E Posnjak and H E Merwm found that the facts fitted 
the assumption that it is a solid soln of haematite and goethite with enclosed (or 
capillary) and adsorbed water 0 Ruff obtained a hemihydrate by heating ferric 
oxide and water under a press of 5000 atm abo\e 62 5° H Wolbhng regarded 
the product as a mixture of anhydride and hydrate According to E Posnjak 
and H E Merwm, turgite is not necessarily a dehydration product of goethite or 
lepidocrocite , but pseudomorphous turgite may have resulted from the dehydration 
of fibrous goethite, and from the oxidation and slight hydration of magnetite and 
the martites Pseudomorphous turgite is intermediate between haematite and 
primary turgite A Pelikan, who observed turgite — which he called limomte — on 
some fibrous goethite, concluded that turgite could not have been formed by the 
dehydration of goethite, but was rather deposited there directly H Stremme, 
and F Cornu considered that the dehydration of the higher hydrates of feme oxide 
takes place m nature under the influence of salt soln or by atmospheric weathering, 
since it is impossible for several hydrates to be stable under a given set of con- 
ditions E Posnjak and H E Merwm, however, question whether the assumed 
series of hydrated feme oxide really exists The monohydrate is probably stable 
at any temp which the earth’s surface may normally reach, and it is therefore 
unlikely that in nature the red ferric oxide is derived by the direct dehydration of 
the yellow It is probable that both red and yellow substances may be formed at 
ordinary temp by somewhat different chemical reactions , both are relatively stable 
under the conditions usually met with near the earth’s surface According to 
J Bohm, the naturally-occurring hydrated ferric oxides, except ruby mica, consist 
of impure goethite , m the case of turgite, the X-radiograms correspond with the 
haematite structure, so that turgite is partially dehydrated goethite X-radiograms 
of the hydrogels give no indication of the presence of any crystalline hydroxide, but 
if they be heated with 2iV-KOH, at 150°, the lines of goethite appear The hydrosols 
appear to contain a basic salt, but aged sols show the goethite hues E Davies 
prepared what he regarded as the hemihydrate, 2Fe20 3 H 2 0, by adding aq ammonia, 
or soda-lye, or potash-lye to a soln of a feme salt, heating the precipitate with the 
mother-hquor for 100 hrs at 100°, or 1000-2000 hrs at 50°-60°, washing the 
precipitate, and drying it between 50° and 100° 

L J Spencer said that turgite usually occurs as a layer on kmomte, and forms 
hard, lustrous, mamillated or botryoidal masses with a radially-fibrous and con- 
centric shelly structure It is black often with a reddish tinge of colour The 
streak is dark cherry-red, and very thin fibres transmit a crimson colour 
E Davies’ product had a sp gr of 4 545 A Breithaupt gave 4 29 to 4 681 for the 
sp gr of the mineral turgite , H R Hermann gave 3 54 to 3 74 , J Samojloff, 

4 63, G J Brush, 4 14, andC Bergemann, 4 681 N S KuxnakoffandE J Rode 
gave 4 41 to 4 57 for the sp gr of hydrohsematite E Posnjak and H E Merwm 
found that the sp gr of turgite ranges from 4 607 to 4 978 at 25°/25° , and if cor- 
rected for the contained silica and sidente, the sp gr ranges from 4 648 to 5 050 , 
with sp vols from 0 198 to 0 215 If the water is adsorbed, turgite should have 
very nearly the sp vol of the sum of the sp vols of water and feme oxide (sp gr 

5 2) The sp vol curve would then be that represented by the thm line m Eig 539 
The observed results deviate from this, and he more nearly on the sp vol curve of 
mixtures of haematite and goethite represented by the thick line in Fig 539 This 
agrees with the assumption that turgite is a solid soln of feme oxide (haematite) 
and monohydrated feme oxide (goethite) L J Spencer found that the hardness 
of turgite is near 6 5 , and that turgite decrepitates violently when heated The 
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dehydration curve, with a 4 months’ heating at each temp , is a continuous line 
This was confirmed by E Posnjak and H E Merwm, who found that the curve is 
different from the corresponding curves of goethite, limomte, lepidocrocite, and 
xanthosiderifce — vide infra The smooth curve shows that the water is given off 
gradually, as the temp rises There is no sudden decomposition anywhere It is 
therefore inferred that the water is adsorbed or m solid soln , or both The rehydra 
tion of dehydrated turgite was not successful, so that the dehydration is not a 
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reversible process, and consequently it is doubtful if the water is merely adsorbed 
The water is supposed to be held m solid soln E Posnjak and H E Merwm found 
the heatmg curve of turgite shows a slight exothermal break at 110°, and no other 
smgulanty occurs between that temp and 600° The heatmg curve is unlike the 
corresponding curves with the other hydrates If turgite be a solid soln of haematite 
and goethite, it might have been expected that the heatmg curve would resemble 
that of goethite — vide infra 

N S KurnakofE and. E J Rode showed that the dehydration curves of the 
natural hydrated ferric oxides can be subdiv ded into three groups, and they 
furnish three phases The first group, illustrated by curve I, Fig 541, has a con- 
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tinuous dehydration curve analogous to 
the dehydration curves of the zeolites 
There may be a break at 125° to 130° — 
vide infra This group includes the 
turgites and the hydrohaematites The 
sp gr is 4 4 to 4 8 The colour is red, 
and the streak differs from the streaks 
of the substances m the other classes 
The second group, illustrated by curve 
II, mcludes goethite, lepidocrocite, and 
limomte with 8 or more per cent of 
water These substances have 9 9 to 
13 2 per cent of water Water exceed- 
ing Fe 2 03 H 2 0 — le 101 percent — is 
probably present m solid soln The 
sp gr is 3 5 to 4 2 , and the streak 
is pale yellow to dark brown The 
dehydration curves have a charac- 
teristic terrace — the goethite terrace — 


in the vicinity of 200°, shown by curves II and III This terrace corresponds with 
the beginning of the breaking of the a phase solid soln of water in haematite The 
hydrates of group I are typically a solid soln In substances with the higher pro- 
portions of water there is a terrace between 125° and 135°, corresponding with the 
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beginning of the breaking up of the /3-phase or solid soln of water m goethite 
The third group, illustrated by cuive III, includes xanthosidente bog ores, and 
limomte They ha\e 13 8 and more per cent of water The dehydration curves 
show the goethite teirace , and the terrace at 120° to 150 9 where the /3-phase or 
solid soln begins to decompose , below that temp there is the y phase, or what 
N S Kurnakoff and E J Rode call the xanthosidente soln , or the y sohd soln 
is present Curve III represents the decomposition of the bog iron ore, the sp gr 
of which is 2 7 to 3 8, and the streak pale yellow or dark brown P A Thiessen 
and R Koppen’s study of the dehydration curves of goethite show that it is 
a hemihydrate, the \ap press curves of hydrated ferric oxide, at different 
temp , had breaks corresponding with the tetrahydrate, Fe 2 0 3 4H 2 0 , the hemi- 
lieptahydrate, 2Fe 2 0 3 7H 2 0 , the tnhydrate , Fe 2 0 3 3H 2 0 , the hemipentahydrate , 
2Fe 2 0 3 5H 2 0 , the dihydrate , Fe 2 0 3 2H 2 0 , the hermtnhydrate , 2Fe 2 0 3 3H 2 0 , 
the monohydrate , Fe 2 0 ? H 2 0 , and the hemihydrate, 2Fe 2 0 3 H 2 0 There are 
probably also the pentaliyd^ate, Fe 2 0 3 5H 2 0 , and the hemtenneahydrate , 
2Fe 2 0 3 9H 2 0 G F Huttig and A Zorner, G F Huttig and H Garside, 0 Ruff, 
ind C Slomm studied this subject 

Turgite is optically negative E Manasse found that it is not doubly refracting 
Accordmg to E Posnjak and H E MeTwin, fibrous red oxide of iron containing 
variable amounts of water — 4 to 6 per cent — cannot be definitely characterized 
Detached splinters have parallel extinction, negative elongation, and negative, 
apparently uniaxial, optical properties The Tefractive indices range from a (or e) 
=2 3 to 2 6, and /S (or o>)=2 5 to 2 7 They found a=2 46 to 2 58 for Na-light, and 
/3=y=2 38 to 2 52 for Li light T W Case found that the resistance does not 
change on exposure to hght E Davies found the artificial product dissolves 
readily m hydrochloric acid, and slowly in nitric acid 

In 1789, J P Becher 3 described what he called Rubmroiherz Eisenghmmer, 
which occurred at Siegen, in thm scales of a ruby-red colour , and later L A Emmer- 
lmg, an Eisenghmmer with a colour, red, steel-grey or black , F Mohs, a fibrous 
ironstone, coloured hyacinth-red, or blood-red, and forming four-sided plates , 
while J F L Hausmann said that Brauneisenstem occurs (i) m thin, red, scaly or 
tabular crystals, in Rubinglvmmer, a name synonymous with J C Ullmann s 
pyrrhostdente — from 7 ruppos, fiery red , aiSrjpos, non — and which D G J Lenz 
called goethite — after J W Goethe , (n) scaly and fibrous, e g the lepidocrocite or 
lepidokroJcite — A cm's*, scale , and KpoKis or KpoKvs, fibre — of J C Ullmann , 
(m) acicular, or capillary (not flexible) crystals, or m slender prisms sometimes 
grouped, e g the vellowish-red, fibrous needle ironstone or Nadeleisenerz of 
A Breithaupt K Willmann considers rubmgkmmer and nadeleisenerz to be 
definite varieties A variety occurring at Pribram, has a velvety surface and was 
called Sammetblende or velvet blende , and it is the przibramite of E F Glocker 
There is also (iv) a brown or black, fibrous variety called GlasJcopf , (v) a drossy 
variety corresponding with J C Ullmann’ s stdpnosiderite — (jtiXttvos, shining — 
which is a form of limomte (q v ) , (vi) a compact form , and (vn) an oohreous variety 
— both the compact and ochreous varieties are probably kmomtes The stainente 
of V Cuveher, and A Schoep and V Cuveher approximates (Co,Fe,Al) 2 0 3 H 2 0 
The chileite of A Breithaupt is a form of goethite, and the acicular goethite 
which penetrates the quartz found on an island m Lake Onega, Russia, was 
called onegite by C C Andre, and fullomte — after a Mr Fullon— by A Breithaupt 
F Cornu called a colloidal variety with the 4 4 composition ” of goethite, Ehren - 
werihite — after A Ehrenwerth The crystals m some iorms of fleches d’ amour, 
and m some aventunne felspars — e g sunstone — are supposed to be goethite F von 
Kobell showed that needle-ironstone, goethite, and lepidocrocite have the general 
formula Fe 2 0 3 H 2 0, while varieties of limomte have the composition 2Fe 2 0 3 3H 2 0 
Analyses of goethite were also reported by A Breithaupt, G J Brush, I Domeyko, 
P A Dufrenoy, C W von Gumbel, B J Harrington, T Haege, F M Heddle, 
H R Hermann, A Lacroix, E Manasse, J J Noggerath, W F Pfaff, E Posnjak 
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and H E Merwm, C E Rammelsberg, G Rose, J B Schober, M Weibull, K Will 
mann, and P Yorke N S Kumakoff and E J Rode found 9 89 to 111* 
per cent of H 2 0 in the samples they analyzed The analyses of goethite and 
lepidocrocite are in general agreement with the formula for the monohydrated 
feme oxide, Fe 2 0 3 H 2 0, or, with less justification, feme oxyhydnmde, FcO(OH) 
N S Kumakoff and E J Rode, however, are not satisfied that this substance is 
really a chemical individual The formation of goethite in nature has been discussed 
by F Babanek, 4 W Bornhardt, 0 Mugge, and A E Reuss, from which it appears 
that m some cases, limomte represents an intermediate stage m its formation, but 
m other cases — eg the inclusions of geothite m quartz, etc — it is not probable 
that it was formed from limomte According to L P de St Gilles, when a soln of 
a feme salt is treated with ammonia, and the precipitate washed until free fiom 
ammonia, and then dried at 100°, the colour slowly changes from yellowish brown 
to brick-red, and it then contains water eq to Fe 2 0 3 H 2 0 G Fownes obtamed an 
analogous product by the action of potassium hydroxide on ammonium potassium 
feme sulphate Observations on this subject were made by C W C Fuchs, 
H Schiff, H de Senarmont, H Debray, and F W 0 Krecke According to 
G Rousseau, this hydrate is obtained m crystals by the action of boiling water on 
feme oxychloride F Muck obtained the amorphous monohydrate by the action 
of a mixture of sodium carbonate and hypochlorite on a boiling soln of ferrous 
sulphate , and G Rousseau and J Bernheim reported violet plates contaminated 
with a little soda, to be formed at 1100° by the action of dry, hydrated ferric oxide 
on sodium carbonate The needle like crystals produced by the last named were 
said to be rhombic and different from ordinary goethite, so that this hydrate was 
said to be dimorphous J D Dana, however, did not accept these statements , 
and C Doelter could not obtam the dimorphous crystals, and said that the synthesis 
must be regarded fs very doubtful For D Tommasi’s observations on the a- 
and ft monohydiate, vide supra D Tommasi oxidized hydrated ferrous carbonate 
or hydrated manganosic oxide with potassium chlorate, he also oxidized ferrous 
hydroxide, and oxidized iron under water to form in all cases the yellow hydrogel 
hydrated ferric oxide F Muck said that the oxidation is complete when sodium 
hypochlorite is employed 0 Ruff, J M van Bemmelen, and E Posnjak and 
H E Merwm regarded the yellow hydrogel as a tiue monohydrate H W Fischer 
obtamed a yellow hydrogel by the hydrolysis of a hot soln of ferric chloride , R Veil, 
and V Rodt by the oxidation of ferrous or ferric sulphide suspended m water by 
means of a current of air , 0 Baudisch and co workers, the action of an azide or 
organic base on ferric chloride , and A Krause, by oxidizing ferrous hydroxide 
H BrunckandC Grabe obtamed a substance resembling goethite from a molten 
sodium hydroxide, at 400°, contained in an iron boiler According to W L Dudley, 
iron is attacked by fused sodium dioxide to form dark red, tabular crystals of the 
monohydrate A Fnckhinger, obtained the monohydrate by the action of a soln 
of ammonium chloride on iron in a closed vessel , and F Wibel, by the action of 
soln of ferrous salts on copper or on cuprous oxide Z Roussm obtained this 
hydrate by heatmg iron nitrosylsulphide, or sodium mtroprusside with cone 
alkah-lye J M \an Bemmelen and E A Klobbie found that the hexagonal 
plates of sodium ferrite, NaFe0 2 , when treated with water at 15°, furnish a ferrous 
acid, H Fe0 2 , the crystals lose water at 100°, and consequently this hydrate c ann ot 
be the same as goethite, which retains its water at a much higher temp They also 
doubted if goethite can be produced under the conditions of temp which prevailed 
m G Rousseau’s, and H Brunck and C Grabe’ s experiments A Vesterberg 
obtamed monohydrated feme oxide, pseudomorphous after ferric sulphate, by 
drying his dihydrate — vide infra — in a desiccator The product was not very 
stable, for it began to lose water at 100° , and, u nlik e some other forms, it is hygro- 
scopic E Posnjak and H E Merwm found that the yellow hydrated feme oxide 
resembling the natural, amorphous oxide was formed below approximately 120°, 
but only above that temp was red, hydrated ferric oxide, resembling turgite and 
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haematite, produced 0 Ruff obtained the monohydrate, goethite, by heating the 
hydrated oxide with water between 42 5° and 62 5° , at a higher temp a less 
hydrated oxide was formed, and at a lower temp a more hydrated product was 
produced — vide supra H Wolbhng regarded 0 Ruff s product as a mixture of 
anhydride and hydrate C Doelter found that the precipitate of hydrated ferric 
oxide becomes crystalline after being shaken for 88 days , and that the gelatinous 
precipitate gradually forms the crystalline monohydrate when heated on the water- 
bath The syntheses of crystalline goethite here reported are not, in general, 
satisfactory , and those of the monohydrated feme oxide which yield a colloidal 
or amorphous product leave it open for debate whether or not the proportion of water 
observed is only due to an arbitrary selection of the conditions of drying Accor ding 
to W H Albrecht, and E Wedekind and co-workers, what E Haber called the 
a-hydrate , a-EeO(OH), identical with goethite, is prepared by oxidation of ferrous 
hydrogen carbonate soln by hydrogen dioxide, by a current of air or oxygen, or by 
a prolonged exposure of the soln to air at 37° In the last case, ferrous iron is 
present as well The y hydrate , y FeO(OH), identical with lepidocrocite, is obtained 
by the oxidation of \ ery dil soln of a ferrous salt by the eq amount of sodium 
lodate m presence of sodium thiosulphate Both hydrates are crystalline The 
temp of decomposition of the synthetic hydrates is markedly lower than that of 
the natural substances The ratio H 2 0 is not constant, the water-content 

being usually higher than the theoretical 

H Freundlich and S Loebmann, and P von Mutzenbecher piepared a colloidal 
soln of goethite by centrifuging a mixture of perhydrol and iron pentacarbonyl 
They found the speed of coagulation to be a quadratic function of the rate of stirring 
Coagulation occurs at the interface of sol and air The speed of coagulation passes 
through a mini mum on adding increasing amounts of electrolytes Small amounts 
of propyl alcohol favour coagulation, larger amounts delay it Isoamyl alcohol 
favours coagulation, methyl alcohol inhibits it H Freundlich and B S Greens- 
f elder also studied the subject 

Goethite occurs m remform or stalactitic masses with a concentric and radiated 
structure , it also occurs fibrous and foliated or m scales, as well as m prismatic 
crystals which are vertically striated, and often flattened into scales or plates 
parallel to the (OlO)-face The colour is yellowish-, reddish , and blackish-brown , 
often blood-red by transnutted light The streak is brownish yellow or ochre- 
yellow J L C Schroder van der Kolk 5 said that the colour of the powder is hke 
that of a ripe orange , and E Posnjak and H E Merwm added that the fine powder 
is dull orange-yellow The thicker grams show a slight pleochroism in orange-yellow 
and browns , but the thinner grams are not perceptibly pleochroic, and they are 
clear yellow K Willmann said that the mineral is feebly pleochroic — yellowish- 
orange m the direction of the c-axis , and brownish, perpendicular to that axis 
0 Mugge said that when thin plates are warmed, between crossed mcols, the colour 
passes from green to red, but the green colour returns on coohng According to 
W Philhps, the rhombic crystals of needle ironstone have the axial ratios a b c 
=0 9185 1 0 6068 , and E Posnjak and H E Merwm gave 0 90 (to 0 92) 1 0 600 
(to 0 605) The elongation of the prismatic, bladed, and fibrous varieties is parallel 
to (001) The (OlO)-cleavage is perfect, and the (100)-clea\age is good In one 
sample, the optic axial angle 2 E=c 80° for 600/z/x , and m another sample, 
22£— 90° for 675/i/z, and 120° for 546/x/u, or 2F=35° to 40° E Palla gave 
2E=50° , A Pehkan, 2E=58° 31' for red light, and 67° 42' for yellow light 
O Mugge found that with the 511 pp and 519pp yellow mercury double line, the 
effect of temp on the optical axial angle is 

9 12 0 ° 31 0 ° 55 7 ° 63 ° 74 1 ° 102 5 ° 116 3 ° 

2E 83 ° 11 ' 63 ° 14 ' 24 ° 05 ' 0 ° 46 ° 22' %° 11 119 ° 20 ' 

The optical character is negative R Gaubert found that the effect of temp on 
the variation of the dispersion of the optic axes of goethite and hmonite, and the 
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action of hydrochloric and hydrofluoric acids show that fibrous limomte is impure 
goethite K Willmann regarded the scaly rubinglimmer, and acicular needle 
ironstone as two different forms of the monohydrate so that goethite is considered 
to be dimorphous, and rubinglimmer is called y-goethite, and needle ironstone 

a-goethite The y form is taken to include lepidocrocite — vide infra and 

pyrrhosidente For the coagulation of colloidal soln, vide hydrosols of feme 
oxide 0 Baudisch and L A Welo dehydrated y Fe 2 0j H 2 0 by friction, forming 
red y-F 2 0 3 ° 

According to J Bohm, the X-radiograms show that precipitated hydrated feme 
oxide is amorphous, but after slow drying it gives haematite, and when heated with 
potash-lye, goethite The a monohydrate has a rhombic holohedral lattice with 
0 = 4 60 A , 6= 10 01 A , and c=3 04 A , or a b c= 0 459 1 0 303, and a sp gr 
4 195 , the y form has 0=385 A , 6=12 5 A , and c=3 07 A , or a 6 c 
=0 308 1 0 246, and a sp gr 3 97 These values for the a- and c axes are about 
half those generally accepted J Bohm gave for the dimensions of the elementary 
cell, a=4 60 A, 6=10 01 A, and c=3 04A S Goldsztaub gave 0=6 64 A, 
6=10 0 A , and c= 3 03 A for goethite , and for lepidocrocite, 0=3 87 A * 

6=12 4 A , and c=3 06 A , and W F de Jong gave for goethite, 0 = 4 55 A * 

6=9 90 A , and e=3 01 A , and he said that it is not isomorphous with stamente— 
cf ferrous oxide G Tunell and E Posnjak, and P F Kerr studied the X radio 
grams of goethite J Bohm gave for Nadeleisenerz the axial ratios a b c 

=0 918 1 0 606 , and for Rubinglimmer 0 64 1 0 43 Observations on the 

crystals were also made by F Babanek, M Bauer, A Breithaupt, K Busz, J Cates, 
G Cesaro and A Abraham, J H Collins, J D Dana, A P Dufrenoy, R P Greg 
and W G Lettsom, F M Heddle, A Johnsen, G A Kenngott, A Lacroix, 
A Michel Levy and A Lacroix, L Michel, E Palla, A Pelikan, F A Quenstedt, 
C F Rammelsberg, A E Reuss, G Rose, H Traube, and D F Wiser 

For the sp gr , G Rose gave 4 7 , D F Wiser, 4 111 , F M Heddle, 3 768 to 

4 146 , A Breithaupt, 4 006 , J D Dana, 4 0 to 4 4 , and O Mugge, 4 193 to 

4 481 , and after dehydration, the sp gr was 4 318 to 4 524 E Posnjak and 
H E Merwm found the sp gr of their samples ranged from 4 091 to 4 263 at 
27°/27° , and when corrected from the analyses for the contained sidente, mangamte, 
and silica, they ranged from 4 29 to 4 32 at 27°/27° , N S Kurnakoff and E J Rode 
ga\ e 4 20 for the sp gr The hardness is between 5 and 5 5 

The a-form is also called feme metahydroxide, and the y form feme ortho- 
hydroxide According to A Krause, and O Baudisch and L A Welo, the meta- 
hydroxide has acidic properties, its isoelectric point bemg p H =5 2 whilst the ortho- 
hydroxide is more basic than acidic having an isoelectric point p H =7 7 , whilst 
goethite, J Bohm’s a-Fe O OH, has no acidic properties For the ferrous ferntes 
from these two hydrated feme oxides, vide infra , ferrous ferrites Smce orthofemc 
hydroxide furnishes Ag 3 H(Fe0 2 ) 4 , when heated with silver nitrate, A Krause 
and K Pilawsky suggested that not all the OH groups have the same value, and, 
in the absence of a knowledge of the mol wt , suggested that the graphic formulae 
of the ortho and meta-hydroxides are respectively as follows — 

HO Pe O Fe OH 

OH OH OH OO 

HO Fe O Fe O FeO HO Fe O Fe OH 

Orfchohydroxide Metahydroxide 

According to G Schikorr, the X-radiograms of rust show that both a- and 
y-FeO(OH) can be formed m the rustmg of iron The two forms are crystallo- 
graphically different and they are represented by the minerals goethite — or 
a-FeO(OH) — and lepidocrocite — or y-FeO(OH) G Schikorr observed that when 
ferrous chloride in aq soln is oxidized spontaneously m air, a-FeO(OH) is formed , 
when ferrous hydroxide is rapidly oxidized in water through which oxygen is 
passed, a-FeO(OH) is formed , and a-FeO(OH) is produced when the hydroxide is 
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slowly oxidized When a soln of ferrous hy dioxide m ammoiiium chloride is 
rapidly oxidized, a-FeO(OH) is formed, and if slowly oxidized, y FeO(OH) is pro- 
duced , and if a soln of ferrous hydrocarbonate in saturated carbonic acid is slowl} 
oxidized a-FeO(OH) is formed, but if the carbonic acid is in only slight excess, some 
y-FeO(OH) is formed E Stimemann observed the formation of the y form m 
the hydrolysis of ferric oxychloride According to G Behikorr, rust which is formed 
m contact with iron, under water, consists of 
y-FeO(OH), presumably because it has been pro // 
duced by the oxidation of a femte , whereas rust 10 
formed at some distance from the iron consists k d 
of a FeO(OH), presumably because it has been •§ 8 
formed by the direct oxidation of a ferrous salt ^ 7 
R D Williams and J Thewlis prepared crystals £ 6 
of the y-hydroxide, % e lepidocrocite, by precipi- § ^ 
tation from a soln of ferrous chloride with calcium ^ ^ 
hydroxide, and subsequent oxidation at room ^ 2 
temp The crystals are of the order 10~ 5 cm / 

across and those of the a-oxide, are of the order q 

10~ 4 cm across When heated, the a-hydroxide 
passes mto cubic ferric oxide, and later into the 
rhombohedral oxide The transformation from Fl £ JjjJ® 
the y-hydroxide to the y oxide (cubic) is roughly hydroxides 
between 250° and 300° R Kattwmkel, F Haber, 

0 Krohnke, H Schwiersch, and F Drexler also studied this subject The 
dehydration of the oxyhydroxide was examined by 0 Ruff, H W Fischer, 
P Nicolardot, G F Huttig and co-workers, J Bohm, and A Simon and T Schmidt 
G Schikorr represented by Fig 542 the dehydration curves of the two forms 
prepared by slow and rapid oxidation of soln of ferrous hydroxide m aq soln of 
ammonium chlonde W H Albrecht and E Wedekind thus summarized the 
relations between the different oxides and hydrates A Krause and co-workers 
concluded from their study of silver femte that the ferric hydroxides mclude 

I — The orthohydroxide and poly orthohydroxide with chain like molecules 
II — Yellow hydroxide with ring like molecules — e g the metahydroxides — embracmg 
(1) the ferrous acid, (HFeO a )n either amorphous, or crystalline y FeO(OH) , and (2) 
goethite, (Fe a 0 3 H 2 0) w , to which the a hydroxide and amorphous goetliite belong 



y hydrate (hydrated) a hydrate (hjdrated) Femte hydrate 



Fe-O-Fe 

$ $ 
Fe-O-Fe 


3 L 


VOL XIII 




882 


INORGANIC AND THEORETICAL CHEMISTRY 


J W Gruner’s limomte was probably goethite, and be found 

Tbe stabilitv of limomte m the presence of water was tested at 250° and 300° m sealed 
thick walled pyrex tubes At 250° limomte showed no change At 300° it was found that 
limomte m the tube above the water turned a brilliant red, whereas the limomte under 
water remained unchanged The time of the experiment was 21 days On analysis it 
was found that the whole sample m the tube contained 5 95 per cent volatile matter after 
drying at 105°, and the ignition loss of the original material after drying at 105° was 12 13 
per cent This very peculiar behaviour of feme hydroxide at these temperatures will be 
investigated further It is probable, however, that, as J M van Bemmelen pointed out 
long ago, limomte is stable m the presence of water and under corresponding pressures at 
temperatures which approach 300° 

According to G Tunell and E Posnjak, tbe conversion of goetbite to haematite 
probably proceeds at a much lower temp , for with boiling 0 liV-HCl, goethite 
passes into haematite , and m J W Gruner’s experiments, a product with a slow 

rate of decomposition was mistaken for a stable 
state Variations were observed owing to differences 
in the rates of heating, and differences m the physical 
character of the substance — eg size of gram De 
hydration experiments in which the substance was 
heated for 4 months at different temp , and the 
losses of weight determined, showed that the de 
hydration curve consists of three parts, Fig 543 
The middle portion represents the loss of water 
attending the decomposition of the goethite, and it 
is accompanied by a change m colour from yellow 
to red The upper and lower portions of the curve 
represent losses of water not chemically combined, 
and which is m all probability adsorbed and capillary 
water held in proportions which vary largely with the 
structure of the material The re-hydration curves 
show that, roughly, the proportion of water taken up 
by the dehydrated material m a humid atmosphere is the same as the amount lost 
m the first stage of the heating Goethite which was crystalline before dehydration, 
took up very little water , while the fibrous varieties, and particularly the amorphous 
varieties, took up larger proportions L J Spencer also found a break m the 
dehydration curve of goethite just below 250° , and 0 Mugge also obtained one 
at approximately 250° N S Kurnakoff and E J Rode’s observations on this 
subject have been discussed m connection with turgite — vide supra E Posnjak 
and H E Merwin’s break at 200° was obtained with a 4 months’ heating at the 
different temp , the others were obtained with a few hours’ heating, so that equili- 
brium was more nearly attained than was the case with L J Spencer’s, and 
O Mugge’s measurements Expressmg the time in hours and in brackets, the 
percentage losses of water at different temp with a sample of coarse grained goethite, 
from Crystal Park, were as follows (the sample when dried at 126° suffered an 
insignificant loss) 

153 (3) 192 (3) 244 (7) 264 (3) 282 (2) 303 (21) 305 (24) 376° (16) 

Loss 0 04 0 05 0 24 0 90 1 37 7 77 9 62 9 72 per cent 

The loss over 376° (4) was 10 38 per cent With a fine grained sample, the losses 
were 

132 (1) 220 (16) 275° (22) 304° (7) 353° (16) 400 <22) >400° (0 5) 

Loss 0 19 0 54 6 28 9 51 9 74 9 79 10 06 per cent 

Hence, the finer the gram-size, the faster the dehydration at the lower temp The 
powder dehydrated at 354°, took up only 0 04 when exposed to a h umi d atmosphere 
There is a sharp change in the optical properties of the sample heated to 250° The 
sp gr rose from 4 193 to 4 318 C F Cross found that monohydrated feme oxide, 
obtained by drying at 100° the ordinary precipitate, when exposed to a sat atmo- 
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sphere at 18°, gradually absorbs moisture, forming m about 67 hrs a mixture eq 
to Fe 2 0 3 3H 2 0, and m 192 days, one eq to Fe 2 0 3 11H 2 0 The daily fluctuations 
of temp gave vanable results for the composition of the hydrated oxide Observ a- 
tions were made by L Haekspill and E Stempfel, and P A Thiessen and R Koppen 

E S Larsen gave for the indices of refraction of the rhombic crystals, a=2 21, 
and j8=y=2 33 to 2 35 for Li-light E Posnjak and H E Merwm ga\e a=2 26, 
j8=2 394, and y = 2 400 for rhombic goethite , and said with respect to fibrous 
goethite, that aggregates of thin blades and fibres sub-parallel with respect to the 
c axis, vary considerably physically and chemically They usually appear micro- 
scopically homogeneous, but their refractive indices are low , they contain water, silica, 
etc , as impurities, and they show confused interference figures , they are uniaxial 
at shorter wave-lengths than is the case with goethite, owing to lack of parallel 
orientation with respect to the a and b axes If the fibres or blades, elongated 
parallel to c, are fine — below 0 5/x in diameter — they can be packed without pore- 
space and with random orientation with respect to a and 6, then slices of the 
apparently parallel-fibrous aggregates would have a maximum refractive index, 
parallel to the elongation, equal to 2 40, and a minimum, throughout the plane 
perpendicular to the elongation, equal to 2 33 Absorption would be slightly greater 
m the direction of the elongation If instead of the random orientation, there is a 
tendency towards parallelism, there will be for any bundle of fibres considered as 
a unit, three principal refractive indices, namely, y =2 40, vanable between 2 40 
and 2 33, and a variable between 2 26 and 2 33 Observations were also made by 
E Palla, A Michel-Levy and A Lacroix, and G Cesaro and A Abraham 
F Beijermck found that goethite is a non conductor of electricity T W Case 
observed no change in the resistance of goethite on exposure to light W H Albrecht 
found the magnetic susceptibility of artificial goethite to be 40 X 10~ 6 mass unit , 
J Huggett and G Chaudron studied the magnetic properties E F Herroun 
and E Wilson gave 28 5 X 10 -6 , and added that the susceptibility of a-Fe20 3 H 2 0 
does not change when it is heated According to J Huggett and G Chaudron, 
goethite is paramagnetic, but it becomes ferromagnetic when heated in air at 360° 
The magnetizabihty increases m vacuo owing to the removal of water, and at 570° 
it diminishes further Goethite dehydrated in vacuo at 600° behaves like magnetite 
Lepidocrocite, and rust conduct themselves similarly G F Huttig and H Kittel 
studied the subject G Grenet gave 360xl0~ 6 for the coefl of magnetization of 
goethite S Berkman and H Zocher studied the magnetic properties of FeO(OH) 
G F Huttig and H Kittel found the magnetic susceptibility to vary from 30 7 x 10 -6 
to 43 7 X 10~* mass unit according to the mode of preparation — vide supra , feme 
oxide G Chaudron studied the magnetization curve of goethite , and lepidocrocite, 
heated in air There is the magnetic transformation of magnetite at 570°, and an 
anomaly with ferric oxide at 660° Goethite dissolves slowly and completely m 
cone hydrochloric acid, but more easily m nitnc acid A residue of insoluble 
sihea may appear 

G F Huttig and H Garside examined the hydrogel and found that when freshly- 
prepared it is amorphous, and that most of the water is united chemically with the 
feme oxide, possibly as Fe(OH) 3 or Fe(0H) 3 H 2 0, but a certain proportion of water 
m the colloid is mobile If dehydrated to Fe 2 0 3 H s O, it is probable that water is 
all chemically united with the feme oxide, and it cannot be removed without the 
application of heat The heat transforms a part of the substance mto crystalline 
feme oxide During ageing, the hydrogel becomes less active chemically, and the 
sp ht changes The end product of the ageing is Fe20 3 H 2 0, or crystalline feme 
oxide associated with water not chemically bonded The stable form between 77° 
and 228° is goethite, and above 228°, crystalline ferric oxide associated with water 
not chemically combined In agemg, part of the amorphous hydrogel forms 
crystalline feme oxide, and a part forms goethite The X-radiograms shov, that the 
space-lattice of the unstable feme oxide associated with the water is expanded, but 
becomes normal when it passes into the stable form The sp ht , Tible XC, 
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and the vap press of the imaged hydrogel is less, and its activity m the catalytu 
decomposition of hydrogen dioxide is greater than that of the aged hydrogel 
S Loebmann discussed the mechanical coagulation of goethite sols P P you 
Wenaam and T Hagiwara found that goethite can be transformed into haematite 
by mechanical disintegration 


Table XC — fepE cijbic Heal os> Hydbajled Jb ebkic Oxide, Fe 2 0 3 nJd^O 
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2 
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3 85°-57 6° 

0 3818 

87 02 

-6 893 

61 35 
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A 

14 

3 721 

2 8° -36 8° 

0 3780 

85 68 

-6 97 
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Ai 

36 

3 721 
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0 3758 

85 18 

-7 47 


hUI 

18 20 


80 

3 721 

3 9° -52 1° 

0 3659 

82 93 

-9 72 

57 25 

HI 


( 

2 

2 085 

4 2° -82 2° 

0 3006 

59 28 

-3 93 

33 60 

16 11 

21 75 

A ' 

23 

2 247 

4 2° -73 3° 

0 3062 

61 28 

-4 84 

35 60 

15 84 

20 84 

a 2 j 

41 

2 247 

4 6° -81 5° 

0 3010 

60 24 

-5 88 

34 56 

15 38 

19 80 


78 

2 247 

4 0° -71 9° 

0 2909 

58 22 

-7 90 

32 78 

14 69 

17 78 


3 

12095 

4 2° -85 2° 

0 2401 

43 55 

-3 899 

17 87 

14 78 

21 78 

A 

14 

1233 

3 7° -85 6° 

0 2340 

42 56 

-3 31 

16 88 

13 69 

20 36 

A, 

36 

1233 

3 7° -85 7° 

0 2415 

43 94 

-1 93 

18 27 

14 81 

21 75 


79 

1233 

3 55°-82 4° 

0 2403 

43 70 

-2 166 

18 03 

14 62 

2151 


3 


3 55°-83 9° 



+0 39 

5 19 

19 46 

26 07 

A 

21 


3 5° -85 2° 

01842 

30 20 

+0 25 


19 07 

25 93 

A* 


0 237 

3 7° -90 4° 

01855 

30 41 

+0 46 

4 73 

19 96 

26 14 



0 237 

3 7° -89 1° 

0 1856 

30 43 

+0 48 

4 75 

20 04 

26 16 

®i 

— 

100 

5 4° -92 7° 

0 2040 

36 40 

-7 30 

10 72 

10 72 

18 40 

Ct 

2 

0 872 

3 3° -90 2° 

0 2155 

37 80 

-3 57 

12 12 

13 90 

22 11 

C 2 

2 

0 6269 

3 5° -89 4° 

0 2047 

35 00 

-196 

9 32 

14 87 | 

23 78 

c. 

36 

01442 

3 7° -97 0° 

0 1795 

29 13 

-0 77 

1 82 

12 62 J 

26 54 

Cl 

? 

0 0858 

3 2° -87 8° 

0 1707 

27 52 

+0 30 

184 

2144 

25 98 


A x is the hydrogel Fe 2 0 4 3 721H a O , A a is the same preparation dned at 30° for 
5 hrs — Fe 2 O a 2 247H 2 0 , A 3 , the same dried another 5 hrs at 30° — Fe 0,1 233H a O , 
A 4 , is A, dried over phosphorus pentoxide at 40° — Fe 2 0 3 0 237H a O B x is goethite from 
Bohemia , C x is ferric oxide dried m air at 60°, and O a , C„ and C 4 are preparations 
dehydrated in vacuo at 200° over phosphorus pentoxide , and n, mols of H a O 

A Lacroix 6 stated that the optical properties of the reddish, scaly crystals of 
iubmghmmer and lepidocromteAnde supra— show that they should be classed 
together as one mineral species, but are separated from goethite, with which they 
had previously been regarded as similar J Samojloff, and P A Schemjatschensky 
reported crystals of a mineral optically similar to lepidocrocite, but containing more 
water than goethite, and he called the mineral hydrogoethite The mineral was 
found associated with hmomte near Lipetzk, and Dankoff, Government Tula, 
Russia The mineral is sometmes regarded as the y goethite F L Hahn and 
M Hertnch obtained it by boiling a neutral or feebly acidic soln of a ferrous salt 
with sodium thiosulphate and lodate , or a ferric salt soln with sodium thiosulphate 
The reaction was studied by A Stock and C Massaciu V Rodt, and W Mecklen- 
burg and V Rodt obtained it by exposing ferric sulphide, m the presence of alkalies, 
to air , and W H Albrecht, by oxidizing a soln of ferrous chloride in the presence 
of pyridine J Huggett obtained lepidocrocite by the prolonged immersion of 
iron in aerated water 

The analyses of J Samojloff, P A Schemjatschensky, and K A Nenadkewitsch 
correspond with 3 Fe 2 03 4H 2 0 N S Kumakoff and E J Rode found 10 89 to 
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11 22 pei cent H 2 0 in tlic samples they analyzed The analyses of E Posnjak 
and H E Merwin closely approximate to Fe 2 0 3 H 2 0, so that the composition is 
taken to be the same as that of goethite The colour and streak are brick-red, or 
orange red The pleochroism in thicker gTams shows a=clear yellow, /J=dark 
reddish-orange, and y=a darker reddish-orange , m thinner grains, a is nearly 
colourless or slightly yellow, andy are orange to yellow according to the thickness 
K Willmann also discussed the colour and pleochroism of the min eral The 
mineral forms red or orange red, micaceous or scaly crystals on goethite , and it 
also occurs in bladed, fibrous, or scaly aggregates The crystals are rhombic, and, 
according to E Posnjak and H E Merwin, and 6 Cesaro and A Abraham, the 
axial ratios are a b c — 0 43 1 0 64 — vide sufra, y-goethite J Bohm found 
that the X-radiograms agreed better with halving the values for the a - and c-axis, 
thus making a b c == 0 308 1 0 246, and a sp gr of 3 97 The dimensions of 
the elementary lattice are a = 3 85 A , 6=12 5 A , and c=3 07 A The (OlO)-cleavage 
is perfect, and the (OOl)-cleavage is not so good The optic axial angle 2F=83° 
and the axial dispersion is slight The optical character is negative P Gaubert 
found that goethite and lepidocrocite behave differently in the variation of the 
dispersion of their optical axes with temp P A Schemj atschensky gave 3 53 
for the sp gr , and J Samojloff, 3 73 NS Kurnakoff and E J Rode found the 
sp gr to be between 3 88 and 3 95 E Posnjak and H E Merwin gave 3 841 to 
3 854 for the sp gr at 25°/25°, and when corrected for the contained sidente, 
silica, and mangamte, 4 07 to 4 12 at 25°/25° The sp gr is therefore smaller than 
that of goethite The hardness is 4 The heating curve closely resembles that of 
goethite, and similarly also with the dehydration curve The y-monohydrate is 
not altered when it is heated m a sealed tube with water at 100° The indices of 
refraction are, a=l 94, j8=2 20, and y=2 51 Hence, although the chemical com- 
position of lepidocrocite is the same as that of goethite, the crystallographic con- 
stants, the sp gr , and the refractive index of the crystals are quite distinct 
Consequently, monohydrated feme oxide is dimorphous, and the two forms are 
represented by goethite and lepidocrocite , while hydrogoethite is a variety of 
lepidocrocite According to W H Albrecht and co-workers, and O Baudisch 
and W H Albrecht, the magnetic properties of artificial specimens of the hydrated 
feme oxide show a distinct change with the age of the specimen, whereas determina- 
tions of the water-content and the X-radiograms indicate stability Ageing under 
water causes a diminution of the susceptibility of both hydrates, whereas desic- 
cation at 100° in a current of air diminishes' the susceptibility of the a-hydrate 
but increases greatly that of the y-hydrate The natural or synthetic a-hydrate 
is more stable than the y-hydrate, dehydration of the a-hydrate affords the 
a oxide, whereas the y-hydrate gives the y oxide which passes at a higher temp 
into the a-oxide W H Albrecht observed that the preparation obtained 
from the ferrous salt soln had a magnetic susceptibility between 37 X 10~ 6 and 
74xl0- s , E F Herroun and E Wilson gave 42x10-® When heated, the 
susceptibility rises rapidly to 39,500x10-®, and then falls again For T Huggett 
and G Chaudron’s observations, vide goethite 

In the first century of our era, Dioscondes, m his FlepL riXrjs la rp^Krjg spoke of 
the axierros X tOos, and Pliny, m his Histona naturalis, of the sekutos , and 
G Agricola, 7 J G Wallenus, and A Cronstedt regarded these minerals as 
equivalent to the red iron ore, or GlasTcopf — that is, with black, brown, or red 
Jicematites hemisphcencus This subject was discussed m connection with hsematite 
or feme oxide The &>xpa, or oc ^ res > mentioned in the ITept Xcdcov of Theophrastus 
about 315 b c , is represented by the ochra nattva or the Berggeel of G Agncola , 
the ochra nattva, the Berggdb , and the yellow ochre of C Gesner , and the ochnger 
Braunetsenstem of A G Werner, and D L G Karsten J G Wallerms, 
A G Werner, R Hermann, L A Emmerlmg, and A Breithaupt co-ordinated with 
the iron ores — Brauneisenstein, and Rasenetsenstem — various earths including 
miner a fern subaquosa, minera fern lacuotns, and mmera fern palustns, as 
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well as brown ironstone, broun haematite , broil n ochre, marsh ore, bog ore, meadow 
ore, etc , and Sumpferz, Modererz, Pfenmgerz , Morasterz, Wtesenerz, etc 
J S Kennedy objects to the use of the term “ brown haematite 55 for hmomte 
J I* L Hausmann included m the term Brauneisenstem various iron ores Rubin 
glimmer, or ruby mica, ledpidocrocite, and Sammetblende , drossy, compact, and 
ochreous iron ores , Pechetsenstem or Eisenpecherz , Glanzeisenstem , Hyposidente 
Quellerz , Gelbeisenstein, etc , mentioned by C K Stifft, J Brunner, J L Jordan, 
and J C Ullmann The yellow, waxy, pitch like ore was called by J C Ullmann 
stilpnosidente — from anXnvos, shining , and oLhrjpos, iron — only m very exceptional 
cases can this be regarded as a sinning ore, and D L G Karsten, and 
M H Klaproth, yotitiziie — from ttittl^co or mom£o>, waxy , butJ F L Hausmann’s 
term limonite — from Xepicbv, a meadow — is usually employed for Eisenoxydhydrat 
mit dem Minimum des Wassers F S Beudant employed the term “ hmomte ” m a 
more geneial sense than the 4 'yellow bog ore 5 ofJ F L Hausmann A Breithaupt, 
F \on Kobell, C C von Leonhard, and E F Glocker made observations on this 
subject The early analyses reported by J F d’Aubuisson de Voisms, R J Hauy, 
J F L Hausmann, J C Ullmann, J L Proust, and M H Klaproth showed that 
the -varieties of yellow bog ore had a composition ranging from 2Fe 2 0 3 3H 2 0 to 
Fe 2 0 3 2H s O , while R Hermann s Quellerz was represented by Fe 2 0 3 3H 2 0, and 
J D Dana applied the term kmmte — from XifjLvrj, a lake — to this earth, while 
2Fe 2 0 3 3H 2 0 was regarded as the composition of hmomte, the term xanthosidente 
— from gavOos, yellow , olSrjpos, iron — was applied by E E Schmid to the yellow 
ochreous, bog ore, or the Gelbeisenstein of J F L Hausmann, to which the formula 
Fe 2 0 3 2H 2 0 had been assigned This subject was discussed by G Tschermak, 
J Bohm, M Bauer, and C Hmtze The Hungarian kahphite of M Ivanoff is, 
according to J D Dana, a mixture of hmomte, manganese oxides, and siheates of 
calcium and zinc 

J D Dana said that hmomte has ^ anous shades of brown, generally dark and 
dull, and that it sometimes has a black, varnish-like, or pitch like exterior , and 
when earth}, it is brownish yellow, or ochreous yellow The streak is yellowish- 
brown It does not occur crystalline, and commonly occurs in stalactitic, botryoidal, 
or mammillary forms having a fibrous or sub-fibrous structure , it also occurs con 
cretionary, massive, and earthy The varieties are (l) Compact — with a sub- 
metallic or silky lustre, often stalactitic, botryoidal, etc It includes brown Glashopf 
(n) Ochreous— ib brownish yellow to buff yellow and earthy , and it often contains 
impurities hke clay, sand, etc (in) Bog ore — from marshy places, is loose or porous 
m texture, and contains fossilized leaves, wood, etc (iv) Brown day ironstone— in 
compact masses or concretionary nodules with a brownish yellow streak different 
from the streak of clay ironstone Brown clay ironstone may be (a) pisolitic, or m 
aggregate concretions the size of peas —bean ore or Bohnerz , and (b) oolitic The 
blown limomte, found m Luxemburg, Lorrame, and the Rhineland, consists of 
oohtic grams bound together by a cement of chalk, clay, or silica It is called 
nnnette According to E Schroedter, W Gill, md H Wandesleben, it is used in 
the manufacture of basic steel Numerous anal} ses of hmomte have been reported 

For example, L C Beck, C Bergemann, A W G Bleeck, B Bottger, G C du Bo\s, 
A Breithaupt, A Brunlechner, G J Brush, C F Bucholz, A H Church, E Cohen, 
J D Dana A S Eahle, C F Enhleitei, J Eyerman,G EmeckeandW Kohler B Fluhr, 
H B von Foullon, C Gilbert C W von Gumbel E Hatle, C von Hauer, S Haughton, 
F M Heddle B Hermann 1 0 Hophms T S Hunt, W Jaworsky C von John, 
F Katzer W Knaust, G A Kenngott, F Klockmann F von Koboll, W Kolilmann, 
F Kretschmer, A Lacroix H Lutmeier and M Goldschlag, T Liebisch, E Manasse 
A Muller T L Phipson J J Pohl B Popoff, E Posnjak and H E Merwm, F Prime, 
C I Bammelsberg, G von Bath B W Bajmond, A Sachs J Samojloff, P A Schem 
j at sc hen sky F E Schmid, J B Stliober, H Sc hOnborg, A von SchrOtter, H Simons, 
5 JKJ mith ’ ^ k bmith, J W E SOchtmg, H Struve, T Ihiel, G Tschermak, 
J C Ullmann, N Watitsch, F Weltzien A J F Wiegmann T Wiese and S Wittichand 
B Neumann N S Kurnakoff and E J Bode found 10 85 to 16 58 per cent of H 2 0 m 
the samples they analyzed 


f 
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Many of the samples of limomte contain silica, according to F Wohler, mainly 
as silicates, or clay , others contain alumina as clay, bauxite, or latente — a subject 
discussed by M Bauer, phosphates, sulphates, and manganese compounds are 
commonly present , R Bottger, T Bodemann, A Muller, F J Otto, V Merz, 

L R von Fellenberg, and T L Phipson found vanadium present m some of the 
limomtes , and W N Hartley and H Ramage detected spectroscopically, sodium, 
potassium, rubidium, sil\er, copper, calcium, manganese, mckel, thallium, 
chromium, gallium and indium m different limomtes The ochres are yellow earthy 
varieties of limomte contaminated with clay, etc They were discussed by 0 Gm, 

G H Hurst, A Bouchonnet, F Rose, A G Gentele, G Zerr and R Rubencamp, 
etc Likewise also with the terra di siena, or the siennas 3 which derive their name 
from the Italian town of Sienna The siennas are redder than the ochres, and they 
were discussed by G H Hurst, F Rose, A G Gentele, G Zerr and R Rubencamp, 
etc Some of the red earths are called bole, Indian red , Venetian red, raddle, etc 
The umbers are browner than either the ochres or the siennas Their name is 
derived from Umbria, an Italian town now known as Spoleto They were dis 
cussed by G H Hurst, F Rose, A G Gentele, G Zerr and R Rubencamp, etc 
Some dark brands of umber are called Cassel broun , and Cologne earth 

Attempts to find a formula for limomte gave F von Kobell, E Manasse, and 
F S Beudant hemitnhydrated feme oxide, 2Fe 2 0 3 3H 2 0, or H 6 Fe 4 0 9 , results 
commonly used to represent the composition of limomte J F L Hausmann said 
that J L Proust’s analysis agreed better with Fe 2 0 3 2H 2 0 E Posnjak and 
H E Merwm found that when an allowance is made for impurities, and for capillary 
and adsorbed water, the composition approximates closely to Fe 2 0 3 H 2 0 , and this 
agrees with F von Kobell’s hypothesis, that limonite or stilpnosidente is wahrschem 
Itch Goethite tm amorphen Zustande C Hrntze also supported the hypothesis that 
limomte is colloidal^ monohydrated feme oxide, or colloidal goethit e—vide inpa 
P A Thiessen and R Koppen found that the dehydration curves agreed best with 
the assumption that limomte is a hemihydrate, like goethite, but with adsorbed 
water R Gaubeit came to a similar conclusion in his stud} of the dispersion of 
the optic axes of the two minerals, and also of the action of hydrochloric and 
hydrofluoric acids on fibrillar limonite and goethite 

There are numerous deposits of limomte and the hydrated feme oxides being 
formed as deposits from spring waters, etc , at the present day H Leitmeier and 
M Goldschlag observed brown xanthosidente on the walls of a mine m Payerbach, 
Austria, where, after two years’ exposure to the atmosphere, the colour darkened, 
and the structure became granular and crystalline Thus, E C Case 8 found a 
deposit being formed by the well water near Lawrence close to the Kansas Rrver 
The cellular structure of the so called boxworl limomte was discussed by F P Boswell 
and R Blanchard E Cohen observed stilpnosidente m the meteonte from 
Beaconsfield, Australia C G Ehrenberg noticed that yellow ochre or limomte 
contains extremely delicate branched threads indicating the presence m the ongmal 
waters of an organized body containing an extremely large proportion of iron 
J C Brown, D Ellis, and H Mokseh have shown that the slimy streamers which 
develop m water cond ui t pipes, and on the walls and bottoms of shallow, water 
storage reservoirs, are masses of hydrated feme oxide whose existence is due to the 
activities of iron bacteria — Leptothnx ochracea, Gallionella ferrugmea, Spirophyllum 
ferrugme um , Crenothnx pol} spora, Cladothnx dichotoma, etc The nodular 
excrescences, and tubercular incrustations found m iron pipes conveying water are 
due to the chemical action of dissolved carbon dioxide in the water, and the local 
enrichments of carbon dioxide facilitate the change of iron into soluble carbonate 
which is then oxidized to hydrated feme oxide The ferruginous incrustations 
found on the walls of iron condmt pipes (the walls, however, are not corroded) are 
considered to be the work of iron bacteria, assisted possibly by other organisms 
The formation of spongy iron m iron water pipes is due to the attack of acids in 
the water, or soil, and not to iron bacteria This subject has been discussed b> 
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0 Abdidii, J M van Bemmelen, A Beythien and co woikeis, 0 Oasagrandi 

N Cholodn>, F Cohn, C L Dake, W D Francis, N Gaidnkofl, J W Gruner* 

E C Hardoi, N J Hanar, W H Herdsmann, C R van Hise, K Hoflich 

A living, D D Jackson, J D Kendall, J Lafar, C Mettenheimer, W Migula 

A Molisch, E M Mumford, B Y Pyaskovsky, E Raumer, 0 Rossler, W Rull’ 
mann, C Sauvageau and M Radais, J B Schober, H Schwers, H C Sorby, 
R L Starkey and H 0 Halvorson, C Tolomei, S Winogradsky, C Zapffe, and 
W Zopf — vide supra, the corrosion of non J W Gruner summarized his 
conclusions on the action of humic acids as follows 

Soln from decaying plants dissolve all oxides and carbonates of iron and most of the 
silicates, but do not seem to attack pyrite appreciably The strength of such soln is 
similar to lhat of caibomc acid It is possible that caibomc acid is the chief acid of the 
so called “ natural organic acids ** but the organic colloids in such soln give special 
properties to them One of the differences between natural oigamc soln and carbonic 
acid is that the organic soln reduce ferric iron compounds to soluble ferrous salts, while 
carbomc acid does not 

The solvent action of carbonated waters was discussed by W B and R E Rogers, 
R Muller, W P Headden, and J W Gruner — vide infra 0 Schreiner and 
E C Shorey observed that 

Hydroxy acids of the fatty series are very widely distributed in the vegetable kingdom 
— malic, citric, tartaric, glycollic, lactic, butyric, formic, and acetic acids, there is no 
doubt that vegetable acids of this group are added to soils in large quantities and become, 
temporarily at least, a part of the orgamc matter of the soil , 

while E C Harder stated that “ according to the extent to which organic acids are 
present, iron may be earned in soln as salts of those acids It is not impossible that 
such organic salts as iron formate, iron butyrate, iron lactate, or iron citrate may 
occur m iron-bearing waters ” The subject was investigated by N J Harrar 

There aie many and vaned deposits of limonite in various parts of the world 
The limonite is in all cases assumed to have been formed by the alteration of 
ferruginous minerals and rocks by exposure to air, moisture, etc The subject was 
reviewed by F W Clarke, 9 C Doelter, and F Beyschlag and co-workers Pseudo- 
morphs of limonite after copiapite, cerussite, and copper pyrites were mentioned 
by A F Rogers , after anhydrite and diabantite, by B V Emerson , and after 
marcasite, by H Laubmann, P von Jeremejeff, P N Tschirwinsky, H B North, 
N Watistscb, and L Durr Outcrops of sulphide ores — e g pyrite or chalcopynte 
— are often altered to masses of porous limon te , and pseudomorphs after pyrite 
axe \ery common — eg R W Raymond, etc The gossan caps of limonite on sul 
phide ores have also been formed by the oxidation and hydration of the mineral — 
vide the formation of manganese deposits, 12 64, 2 E Newton said that the 
manganiferous iron ores ot Minnesota were partly formed by the leaching of 
ferruginous limestone by alkaline soln , and the removal of iron by the leaching 
of iron silicate rocks was discussed bv J W Gruner, T S Lovering, L Cayeux, 
and RAF Penrose , while L Dieulafait, I P Kimball, 0 W Hayes, 0 W Hayes 
apd E C Eckel, S W McCallie, H C Sorby, G Keller, and A F Foerste discussed 
the pseudomorphous replacement of limestone by percolating soln of iron salts, 
and the formation of residual limonite from ferruginous limestone by the simul- 
taneous oxidation of ferrous carbonate, and the dissolution of calcium carbonate 
The formation of limonite from pynte and marcasite has been described by 
G Bischof, P N Tschirwinsky, M Watanabe, E Cohen, H M Chance, F Cornu 
and H Leitmeier, 0 Mugge, A Pelikan, and J von Roth, ahd from sidente 
by G Bischof, K von Bulow, E Hatle, R Helmhacker, and K A Redlich 
E V Shannon said that the presence of chlorides promotes the formation of 
hydrated feme oxide 

Limonite may be found as a residual deposit where it was formed, and, according 
to pK Leith and W J Mead, J F Kemp, W G Miller, W E Pratt, G 0 Smith 
and B Willis, A C Spencer, and C M Weld, it may have been formed by processes 
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analogous to those concerned m the production of latentes — 5 33 , 8 Limomte, 
like clays, may ha\ e been mechanically transported by streamlets from surrounding 
hills and deposited as bog ore m marshy places, and m pools where the velocity of 
the streamlet is sluggish, and the excess may be earned by nvers into the sea The 
iron may also be transported m soln dissolved as (l) hydrocarbonate in carbonated 
waters, (u) as sulphate m water with acids den\ ed from the oxidation of the sulphur 
m pyrites, or (in) as a salt of an organic acid m peaty and other waters It may have 
been deposited from such waters m the form of bog ore, or in stalactitic, tuberose, 
and other concretionary forms Carbonated waters extract iron as ferrous hydro- 
carbonate from silicate rocks or from disseminated magnetite, and the soln of the 
hydrocarbonate m carbonated waters, or the soln of iron as sulphate from oxidized 
pyrites may deposit limomte when oxidized either by exposure to air, or, according 
to N S Shaler, by contact with oxygen given off by the respiration of aquatic plants 
— e g bog ores are more abundant along the margins of swamps, and are often 
wanting at the centre The decomposition of the soln of ferrous hydrocarbonate 
may be facihtated or produced by iron-bactena which adsorb iron and re-deposit 
it in the form of hydrated ferric oxide, as indicated by G Tolomei, J M van 
Bemmelen, W D Francis, E C Harder, etc — vide supra — andE S Moore discussed 
the formation of bog ore by the action of algae and lower plants on chalybeate 
waters H Mohsch, for instance, found that under the influence of hght, there 
is a separation of hydrated ferric oxide from soln , and an evolution of oxygen 
Sulphate soln may oxidize on exposure to air to form hydrated feme oxide, and 
sparingly soluble basic salts , or they may precipitate the hydrate by contact 
with limestone or other carbonates, or phosphates, or with organic matter In 
illustration of the solvent action of the organic acids m peaty and swamp waters, 
A Kmdler said 

On the declivities of sand hills planted with pine trees, and where springs, lying lower 
down, cause falls of earth, dead roots which penetrate through the ferruginous quartz 
sand absorb the ram water filtering through A decomposition commences, by which acids 
are formed, winch are capable of dissolving large quantities of ferrous or feme oxide for 
m a few months the sand becomes as white as if it had been treated with acid The action 
of a root, two lines in thickness extends to a distance of from one to two inches This 
phenomenon also presents itself m woods and gardens, for decolorized sand is found -every 
where under rotting leaves 

R J Hartman and R M Dickey discussed the formation of banded iron formations 
by tbe diffusion of iron salts m silica gels 

A Daubree also observed this decolonization of ferruginous sands by roots 
If a decaying root and quartz sand coloured with iron oxide be often moistened 
with water, the filtrate will be found to contain iron When such soln are oxidized, 
hydrated feme oxide is deposited As mentioned b} G Bischof, the rusty deposits 
about chalybeate springs, and the iridescent films of hydrated feme oxide on the 
surface of marshes and swamp waters illustrate this reaction This subject was 
discussed by J M van Bemmelen, W Spring, and 0 Aschan W H Weed explained 
the formation of iron-sinter by an analogous process When the waters deposit 
their ferruginous load where air has free access, limomte is formed, but if the 
deposition occurs in the presence of decaying organic matter and carbon dioxide, 
ferrous carbonate or sidente may be deposited Hence, also — as noticed by 
H Taylor, R Phillips, and P Kremers — the presence of ferrous iron in ferruginous 
clays, and soils 0 C S CarteT observed a ferrugixuzed tree in which part of the 
wood was replaced by brown haematite H Hess found some stag antleTs changed 
to iron ore m the bog-iron ore deposit of Posen The cementing action of hydrated 
feme oxide in rocks like sandstones was discussed by W Spring According 
to K Endell, rust, or hydrated feme oxide is found m meteorites penetrating into 
the iron mass in the form of a tube which exhibits a rhythmic structure The 
formation is held to be due to the setting up of local electric currents when the 
mass is moist, whereby ferrous hydroxide is first formed , this is oxidized, and 
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the feme hydroxide is deposited R J Hartman and R M Dickey discussed 
the rhythmic phenomenon in the iron ores of Lake Superior 

The formation of limonito was also discussed by B Aarmo, J Ahlburg, J P Arend 
0 Aschan A BergeatandA W Stelzner R Blanc hard and P F Boswell, A W G Bleech 
R A Brauns, E van den Broeck A Brongmart K von Bulow J M Campbell 
L Cayeux C L Dake, A Daubroe C Deffner E Doll, G Emecke and W Kohler A Gartner 
A Gressley \ de Grossouvro G D Hubbard, P von Jeremejeff F Katzer, K Keilhack* 
J F Kemp A Kmdler J Klardmg, P Knisch A E Kupffer, M Lazarevie, C K Leith and 
W J Mead A Leppla J Le\allois A Merle, W G Miller, E S Moore, M Neumayr 
J S Newberry, H VV Nichols, W E Pratt, R W Raymond, G Remders, G Schmidt 
F Senft H Sjogren G O Smith and B Willis, A C Spencer, F M Stapff, M Teeklenburg 
E Thirna L Tokody, P von Tscbirwmsky, A Viei schilling, C M Weld, B A Wendebom* 
and F Zirkel The formation of pisohtic ores was discussed by A Bergeat and A W Stelzne^ 
F Beyschlag, M Brauhauser C Chelius, C Deffner R Delkeskamp, B Faoh 0 F Fraas, 
L Hoffmann E Hollmann, F Klockmann, W Kuhn and W Meigen R Lang, A Moos* 
H Munster, F W Pfaff, H Simons, H Stremme, H Tasche, and F W Voit , and the 
formation of oolitic ores or mimette, by A Bencke, L Cayeux, F Gaub, L Hoffmann, 
J M Jegunoff, W Kohlmann, A E Kupffer, B Popoff, H Schneiderhbhn, C H Smyth! 
J Thoreau, and L van Werveke 

The hemitnhydrated ferric oxide, 2Fe 2 0 3 3H 2 0, formerly supposed to represent 
the composition of limomte, was reported by J J Berzelius 10 to be formed as 
iron-rust, or crocus martis a'peritivus , when iron oxidizes m aerated water J Lefort 
obtained this hydrate by precipitating a hot soln of a ferric salt with alkah-lye and 
drying the washed product over sulphunc acid , L ? de St Gilles used aq ammonia 
as precipitant, and dried the product m vacuo F Muck said that the Intajpenta - 
hydrate, 3Fe 2 0 3 5H 2 0, is produced when a basic feme sulphate is added to molten 
potassium hydroxide, and after a short time the product is cooled, washed with 
water, and dned at 100° 0 Ruff obtained a similar hydrate by heating red, 

colloidal ferric oxide with water between 30° and 42 5°, and at 5000 atm press 
H Wolbbng regarded O Ruff s products as mixtures of anhydride and hydrate 
From the preceding discussion, it follows that despite plausible formula 1 based on 
analyses, there is nothing to show that a definite hydrate is foimed as a chemical 
individual, for the composition depends on the arbitrary conditions selected for the 
desiccation G C Wittstem added that if the amorphous hydiate be kept under 
water a couple of years it becomes crystalline According to A Krause, ferrous 
hydroxide precipitated from a soln of ferrous sulphate by an equimolar quantity 
of sodium hydroxide, yields on atm oxidation, hydrated ferric oxide, but if the 
soda-lye is highly concentrated, the oxidized product always contains ferrous oxide, 
the highest ratio being FeO Fe 2 0 3 =0 3 1 As the ferrous oxide increases, the 
colour changes from yellow to black, with a decrease m ihe water content corre 
spondmg with a change from wetoferric hydroxide to ferrous ferrite The isoelectric 
point of the hydroxide with the composition approximately Fe 2 0 3 2H 2 0, is nearly 
pn—5 2 Confirmation of this hypothesis of fernte foimation is obtained by 
oxidizing ferrous hydroxide m the presence of magnesium hydroxide, when 
magnesium ferrite is formed The meta form of ferric hydroxide differs from the 
blown ortho-form m having its isoelectric point pn-7 7, its ease of peptization, 
and its greater giam-size The ortho form is less stable under water, where it 
gradually passes to the meta-form This change is much accelerated by the presence 
of OH' ions, and at the same time, the isoelectric point changes fiom Ph=5 2 to 7 7 
The dned meta-oxide contains less water than the ortho form, it is brownish- 
yellow instead of black, is more friable, and adheres more firmly to glass The 
meta-oxide can be readilj peptized by either dil acid or ammonia, but not so with 
the ortho-oxide 

The colour of hmomte ranges from dark brown to light yellowish brown, dark 
yellow, and ochre-yellow A Bergeat 11 considered that the colour depends on the 
proportion of contained clay, and not on the proportions of iron or manganese He 
found with three samples 
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Dark chestnut brown 
Chestnut brown 
Ochre bro^n 


Clay 

scarcely any 
a little 
much 


Fe per cent Mn per cent 
59 90 0 17 

67 61 011 

44 00 0 29 


W D Bancroft attributed the colour to adsorbed iron salts — vide supra For 
R Gaubert s observations on the identity of fibrillar limonite with goethite, mde 
supra, goethite J Bohm examined the X radiograms of xanthosiderite, limonite, 
and limmte E Wedekind and W Albrecht noted the appearance of interference 
lines m the X radiograms during the agemg of the gels J W E Sochtmg gave 
3 40 to 4 17 for the specific gravity of limonite , C Bergemann, 3 908 , E Posnjak 
and H E Merwm, 3 841 to 4 172 at 25°/25° , and when an allowance is made for 
the contained sidente, mangamte, and silica, 4 30 to 4 34 at 25°/25° N S Kumakoff 
and E J Rode found the sp gr to range from 2 7 to 4 01 Brown compact limonite 

has a hardness of about 5, and when freshly dug, sometimes over 5 , but the hardness 
of other kinds ranges from 1 to 5 ED Adams found a cubic pseudomorph of 
lim onite after pynte was crushed to powder under a compression of 43,000 lbs 
apphed m 17 mins , without showing signs of plastic deformation J Joly found 
the mean .specific heat of limonite to be 0 2263 between 13 3° and 100° , and of 
lim onite pseudomorphous after pyrite, 0 2215 between 13 6° and 100° The values 
calculated by the additive rule are respectively 0 22632 and 0 22155 R Ulnch 
gave 0 2235 for the sp ht between 17° and 98° E Posnjak and H E Merwm 
found that the heating curves of limonite may show a slight thermal effect at about 
100° N S Kumakoff and E J Rode’s observations on this subject have been 
discussed m connection with turgite (q v ) H W Eischer found that the dehydra- 
tion curves of limonite show that water is lost rapidly below 100°, then sparingly, 
though continuously, up to 165°, and beyond that temp the loss is very large, and 
is accompamed by a change in colour from yellow to red He said that this 
behaviour is characteristic of that of a colloidal hydrate, and a marked effect at 
about 300° By measuring the loss of water when specimens are kept at different 
temp over 4 months, they obtained a curve very similar to that obtained with 
goethite This, coupled with the sp gr data, etc , favours the hypothesis that 
limonite is colloidal goethite or monohydrated ferric oxide When bog iron ore is 
heated to 325° to 400°, E Muck, N S Kumakoff and E J Rode, etc , found that a 
calorescence occurs — vide supra , haematite The subject was studied by R Gaubert 
E Posnjak and H E Merwm found that limonite contains layers, splinters, fila- 
ments, or other portions with a refractive index 1 99 to 2 07 , and in some cases 
with a red material having a refractive index of 2 2 to 2 3 resembling turgite, and 
m other cases having a refractive index of 2 4 and a strong double refraction like 
turgite A Pelikan gave y— a=0 048 for the double refraction As a result of 
their examination of various kmomtes, E Posnjak and H E Merwm said When 
monohydrated feme oxide is precipitated and hardened under natural conditions 
which do not permit de fini te crystallization, a porous mass is formed containing 
considerable excess of water, besides other impurities So indefinite is the material 
that it cannot be characterized very satisfactorily Its colour m fine powder is 
scarcely distinguishable from that of fibrous goethite Although often occurring 
m compact layered or botryoidal forms, it does not possess decided fibrous fracture 
The earthy varieties consist of minute, loosely agglomerated spheroidal grams 
Air-dned material possesses some pores of such size that, although microscopically 
invisible, they readily fill with such liquids as are used to immerse the grams for 
microscopic study Thus, refractive index determinations cannot be definitely 
interpreted , air dried material does ha\ e observed apparent refractive indices 
within the rather narrow limits of about 2 00 to 2 10 when saturated with a liquid 
of corresponding refractive index Such material is here regarded as limonite 
Double refraction is common m such material, usually it is indefinite and not strong, 
but occasionally it reaches 0 04 and is almost as definite as m fibrous goethites Eor 
example, m the cylindrical crusts around stalactites and m the spheroidal grains, 
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the ray vibrating along the radius is not strongly refracted as m fibrous goethite 
In rare cases a decided tendency for minute fragments to be splintery makes this 
material look somewhat like fibrous goethite E Puseddu and A Marini found 
that limomte from Bena de Padru, Sardinia, contains radioactive impurities 
F Beijermck observed that the electrical conductivity is negligible R D Harvey 
studied the subject T W Case observed no change in its resistance on exposure 
to light E E Fairbanks found the dielectric constant to be 9 9 to 15 H B Kos 
mann observed that the limomte from Harteberg, Silesia, is magnetic F Stutzer 
and co-workers gave 222 X 10~ 6 for the coeff of magnetization of limomte , and 
G Grenet obtained values rangmg from 27 xlO” 6 to 160 xl0~ 6 A Abt observed 
that a sample of limomte shows scarcely any magnetic moment For the magnetic 
susceptibility, vide infra, the tnhydrate The magnetic separation of limomte was 
discussed by C Jones, "W B Phillips, and H A J Wilkens and H B C Nitze 
A Quartaroli prepared a magnetic variety — vide supra, magnetic ferric axide 
According to L P deSt Gilles, the hydrated ferric oxide dissolves m acetic acid 
The presence of a little ammonia hinders the dissolution F Cornu found that 
limomte may exhibit a strong acidic reaction, possibl} owing to the presence of basic 
sulphates — which E Cohen found in limomtes derived from pyrite Limomte is 
soluble in hydrochloric acid, and it may leave behind a siliceous skeleton— the 
silica m limomte was discussed by F Wohler, T F L Hausmann, C H Smyth, 
F M Stapff, and L van Werveke The action of hydrofluoric acid and of hydro 
chlonc acid was studied by R Gaubert , of hydrogen sulphide, by M Mainz and 
M Muhlendyck , and the reducing action of methane, by 0 Meyer and W Eilender 
J F L Hausmann 12 found silky needles of hydrated ferric oxide associated 
with the manganese ores at Ilmenau, and elsewhere It was called xanthosidente 
— vide supra — by E E Schmid It forms golden yellow needles or fibres which 
may also appear brown or brownish-red As an ochreous earth it is different shades 
of brown or brownish red The needles may occur m radiating/ or concentric 
aggregates Xanthosidente may have a silky, greasy, pitch-like, or an earthy 
lustre , and the streak is ochreous yellow, or pale brown to dark brown Analyses 
were reported by J F L Hausmann, E E Schmid, C F Rammelsberg, and 
S Haughton, and as a result it came to be regarded as dihydrated feme oxide, 
FegC^ 2H 2 0, or, with less justification, Fe 2 0(0H)4 J L Proust’s analysis of a 
substance like limomte agreed with the dihydrate formula N S Kumakofl and 
E J Rode found 11 84 to 13 83 per cent of water Samples examined by 
E Posnjak and H E Merwm had 9 92 to 10 22 per cent water, and then had more 
the character and composition of goethite J Lefort said that dihydrated feme 
oxide is produced when it is precipitated from a cold soln of a ferric salt by cold 
alkali-lye, and dned over sulphunc acid , and F Weltzien, by mixin g a soln of 
ferrous sulphate with potash lye, and then with an excess of hydrogen dioxide, and 
drying the product at 100° E Brescius found that when the precipitate obtained 
by adding ammonia to feme chloride is washed and dried over sulphuric acid, 
for 3 months, it contains 13 6 per cent of water , while if the precipitate be 
washed with alcohol and then with ether, and dried for 2 months under the same 
conditions, its composition corresponds with the dihydrate Fe 2 C >3 2H 2 0, which loses 
half its water at 100° For D Tommasi’s observations on the a- and ^8-dihydrates, 
vide supra A Vesterberg obtained the dihydrated oxide, pseudomorphous after 
feme sulphate, by adding reduced iron powder to hot, dil sulphunc acid (1 1), and 
heating the mixture until the acid begins to fume and the iron is transformed into 
a faintly red, crystalline powder of feme sulphate The acid is poured off as com- 
pletely as possible and the crystals, without being washed, are placed in watei 
and shaken with a soln of sodium hydroxide (1 2) The copper-coloured, crystal- 
line meal is finally washed with hot water and dned at the ordinary temp The 
substance forms six- or eight-sided, isotropic plates, has a yellowish brown or 
reddish-brown colour, and is very friable The sp gr of xanthosidente, reported 
by N S Kumakoff and E J Rode, is 3 76 , A Vesterberg gaVe 3 234 at 15° 
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E E Schmid ga\e 2 5 foi the hardness A Vesteibexg s product passed into the 
monohydrate m a desiccator, and lost more water at 100° J Lefort’s product 
also lost water at 75° E Posnjak and H E Merwin obtained a dehydration curve 
very like that obtained for goethite (q v ) H W Fischer discussed this subject , and 
N S Kurnakoff and E J Kode’s obser\ ations are also indicated m connection with 
goethite It is supposed that a colloidal y solid soln of xanthosidente and water 
decomposes at 120°~150°, forming the /J-solid soln of goethite and water , and that 
this, at about 200°, forms the a sohd soln of haematite and water F Muck said 
that the dihydrate does not show a calorescence when heated E Posnjak and 
H E Merwin’ s samples of xanthosidente had fibres with the index of refraction a 
near 2 27, /} near 2 33, and y near 2 37, but all were vanable The yellow colour 
was attnbuted to the presence of minute pores and inclusions A Vesterberg said 
that the dihydrate dissolves rapidly m 20 per cent hydrochlonc acid 

According to J D Dana, 13 the analyses of A H Church, R Hermann, and 
C J B Karsten of bog ore, the Quellerz of K Hermann, and Rasencisenerz, approxi- 
mate in composition to tnhydrated feme oxide, Fe 2 0 3 3H 2 0, and J D Dana 
called the earth limmte — from A tfivrjy a marsh — vide su'pra E F Glocker had 
previously proposed the term as a substitute for limomte It occurs as an earthy, 
yellow ochre , and m stalactites and tuberose forms resembling limomte It is not 
regarded as a definite mineral species, but rather as a hydrated limomte , the 
hydrate is also designated feme hydroxide, Fe(OH) 3 , but here again there is little 
evidence in favour of the assumption of a de finit e hydroxide in the chemical sense 
of the word P A Thiessen and K Koppen’s dehydration curves indicate that 
limomte is goethite with absorbed water G C Wittstem obtained what he 
regarded as this substance by adding ammonia to a soln of feme sulphate, and 
washing the product, and drying it first at a gentle heat and then at 100° The 
amorphous, yellow product, under freezing water, forms a granular, yellowish- 
brown powder which appears to consist of microscopic crystals P Fireman, and 
R S P en m m an and N M Zoph observed the formation of a hydrated oxide with 
13 63 per cent of water by passmg air through a soln of an iron salt m the presence 
of iron J Matuschek observed the formation of the hydrated oxide when soln 
of potassium ferrocyamde are exposed to light F L Hahn and M Hertnch 
obtained the hydrated oxide in a heavy, powdery form which is easily filtered and 
washed, and which is free from basic salt, by warming on a water bath a neutral 
soln of a feme salt — containing, say, 0 2 grm Fe 2 03 per 400 c c — with sodium 
thiosulphate until the soln is colourless , the soln of ferrous salt is then warmed 
with a slight excess of potassium lodate 2Fe +3H 2 0+I0 3 / +4S 2 0 3 "=2Fe(0H) s 
+I / +2S 4 0 6 // H V Kohlschutter studied the product obtained by the action of 
aq ammonia on crystals of ferric sulphate D N Ghosh observed the rhythmic 
precipitation of the hydroxide N J Harrar and FEE Germann studied the 
colours of soln of feme hydroxide m various acids , andG G Kao and N K Dhar, 
the catalytic action on the photo synthesis of formaldehyde from alkali hydro- 
carbonates According to H Moksch, hydrated feme hydroxide is precipitated by 
the action of light on certain dil soln, containing salts of iron , for example, iron 
ammonium citrate , whilst a soln of ferrous sulphate and ferrous hydrogen car- 
bonate deposits feme hydroxide on remaining even in the dark J Thomsen gave 
for the heat of formation (2Fe,30,3H 2 0)=191 15 Cals , and (2Fe(0H) 2 ,0,H 2 0) 
—54 59 Cals K Inoue studied the heat of dehydration of bog-iron ore 
K Jellinek and H Gordon gave 10~ 38 for the solubility product [Fe ][OH'] 3 , and 
G F Huttig and H Kittel found that the magnetic susceptibility varies with the 
mode of preparation Samples with Fe^ nH 2 0, with n—3 162, 2 434, and 1 699, 
had the respective values 105 4 x 10~ 3 , 114 3 X 10 -6 , and 124 5 X 10~ 6 ma ss unit 
Observations on the magnetic susceptibility were made by M Faraday, 
C B Greiss, and A Abt E F Herroun and E Wilson obtained for limomte 
31 6 X lO^ 6 mass unit , G Wistrand, 123 8xl0~ 6 , and F Stutzer and co-workers, 
59 4xl0 -6 S Veil found that the magnetic susceptibility depends on the previous 
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states through which the material has passed, and the temp to which it has been 
heated W Albrecht found that the magnetic susceptibility of the hydrated feme 
oxides depends on the mode of preparation, etc — e g dehydration m open or 
sealed tubes under water at 100° , interaction of iron pentacarbonyl and an alcoholic 
sob. of hydrogen dioxide , adding anhydrous ferric sulphate, or ammonium feme 
sulphate to 35 per cent ammonia, etc With hydrated oxides containing varying 
proportions of water, there is a maximum m the curve corresponding approximately 
with Fe 2 O s 3H 2 0, but hydrates having almost identical proportions of water may 
differ greatly in their magnetic properties P Hausknecht found the susceptibility 
of the tnhydrated oxide to be five times as great as that of the anhydrous oxide — 
vide supra, feme oxide 

J W Gruner observed that peat water dissolved 14 parts of iron per million 
from limomte in 77 days, and 30 parts m 182 days B Aamio found that hydrated 
feme oxide precipitated by ammonia, and dried at 100°, contains 10 per cent of 
water, and has a hygroscopicity of 34 per cent , when dried at 200°, the corre 
sponchng values are 1 5 and 42 per cent , dried at 300°, respectively 1 0 and 29 6 
per cent , and when dried at 700°, the hydrate becomes anhydrous, and loses its 
hygroscopicity When various hydrated oxides are heated m chlorine to 900°, 
W Kangro and R Flugge found that 88 to 100 per cent of the iron is removed as 
ferric chloride m about 150 nuns The tnhydrated oxide readily dissolves m acids 
to form feme salts According to G Bodlander, the solubility of this hydrate in 
water is represented by 3 73xl0 -12 gram-equivalent of Fe(OH) 3 per litre, 
G Almkvist gave 1 51 X 1CM grm per htre for the solubility at 20° , K Jelknek and 
H Gordon, 3 x 10~ 10 mol per htre , and E Muller, 1 35 X 10~ 9 mol per htre 
G Bodlander represented the solubility product as [Fe ][OH'] 3 ==6 5X10- 47 on 
the assumption that the ionization is complete H T S Britton said that the 
solubility product with very weak bases hke hydrated feme oxide, has probably 
very httle meaning K Jelhnek and H Gordon’s value for the solubility product 
[Fe ][OH / ] 3 =I0^ 37 9 O Ruff and B Hirsch’s value is 11x10-36, an d 
E Muller’s 6 5xl0~ 47 K Jelhnek and H Gordon measured the H-ion cone 
with the hydrogen electrode of sob of ferric chloride, containing potassium chloride 
to coagulate the colloidal sob , to wbch varying amounts of sodium hydroxide had 
been added H T S Britton added that if it be assumed that m the titration 
the appearance of opalescence marked the point at wbch feme hydroxide actually 
began to separate, and that the amount of free feme ions was eq to the remaining 
amount of alkali to be added to decompose the ferric chloride completely, the value 
for the solubility product becomes 10“ 37 7 Thus, opalescence occurred on the 
addition of 39 c c of 0 10 N alkali , pjz—2 3 Hence, [OH']— 10~ n 8 and [Fe ] 
=10~ 2 3 — vide supra , hydrated feme Oxide P P von Weimarn estimated the 
solubility to be much less than that of hydrated alumina because of the concentra- 
tion of the sob required for the separation of gelatinous precipitate G Almkvist 
gave for the solubility, 0 151 mgrm of Fe(0H) 3 per litre at 20°-— vide supra for the 
hydrosol 

E Reichardt and E Blumtntt found that 100 grms of air dried hy drated feme 
oxide absorbed 375 c c of gas from the air, and the gas contained 26 per cent of 
N 2 , 4 per cent of 0 2 , and 90 per cent of C0 2 , and A \on Dobenetk found that 
hydrated ferric oxide absorbed 6 975 grms of carbon dioxide at 0°, 5 702 grms at 
10° , 5 054 grms at 20° , and 4 274 grms at 30° L P de St Grilles observed that 
when tnhydrated feme oxide is boiled with water for several hours, it gradually 
becomes bnck-red, and passes into the monohydrated oxide P Nicolardot 
inquired why is hydrated feme oxide not wbte when the normal feme salts are 
white 2 He found that by adding a freshly prepared, cone of sob of feme salt 
to cooled, aq ammonia, the hydrate obtained is wbte, but it rapidly turns brown, 
due, he supposed, to polymerization — vide supra D Tommasi and G Pellizzan 
found that when hydrated feme oxide is kept under water for a year, it loses its 
gelatinous structure, and changes m colour from brown to yellowish-red About 
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30 per cent passes into a modification insoluble m dil acids, and about 0 3 per 
cent is converted into a soluble modification identical with Graham’s colloidal 
hydrate The change is \ ery slightly, if at all, affected by light For the solubility 
of hmomte m various menstrua, ude supra , hydrated feme oxide 0 Meyer and 
W Eilender discussed the reduction of limomte with methane For W ■von 
W Scholten’s observations on the sohd soln of ferrous and feme hydroxides, tide 
supra , ferric oxide H Handovsky found that ferric hydroxide, but not iron, 
ferrous sulphate, ferrosic oxide or the h} drosol of ferric oxide, acts catalytically m 
the oxidation of leueme 

A mineral was obtained by L J Igelstrom from the Langban iron-mine in 
Sweden, and he called it pynaunte , M F Heddle obtained a similar mineral from 
the serpentine of Haaf Grunay, Scotland, and called it igelstrormte The analysis 
by L J Igelstrom, M F Heddle, and G Aminofl and B Broome corresponds with 
magnesium feme hydroxide, Fe(OH) 3 3Mg(OH) 2 3H 2 0 It occurs m golden or 
silvery, six sided plates, and with an obscure fibrous structure G Ammoff and 
B Broome found that the crystals are of two types (l) The si\-sided plates have 
X radiograms corresponding with a hexagonal cell having a=3 097A, and 
c=15 56 A , or a c=l 5 024 , and (n) small rhombohedral crystals having a 
trigonal cell with a=3 089 A , and c=23 23 A , or a c=l 7 520 

According to A S Eakle and W T Schaller, 14 a mineral occurs m Esmeralds Co , 
Ne\ada, and it was accordmgly called esmeraldite Its composition approximates 
tetrahydrated feme oxide, Fe 2 0 8 4H 2 0, after making due allowance for impurities 
It occurs m the earthy hmomte as pod-shaped masses of a coal-black colour , bright, 
vitreous lustre, and glassy fracture The edges are translucent, and appear 
yellowish-red by transmitted hght The streak is yellowish-brown The sp gr 
is 2 578 , and the hardness of the brittle mineral is 2 5 W Sprmg reported a 
tetrahydrate to be formed when the voluminous precipitate of hydrated oxide, 
obtained by adding ammoma to a dil soln of feme sulphate or chloride, is allowed 
to dry m air The black, vitreous mass appears red by transmitted hght Its 
sp gr is 2 436 at 15° , it is not decomposed by press , and it loses water m a 
desiccator P A Thiessen and R Koppen obtained the tetrahydrate by the slow 
hydrolysis of a boiling, dil soln of feme ethylate m absolute alcohol The crystals 
are probably cubic , and the sp gr is 3 0 to 3 1 
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§ 33 The Femtes and Perfemtes 

Ferric oxide unites with many bases to form salts commonly called ferrites, 
just as the salts of chiomic oxide with the bases are called chromites , and those of 
manganic oxide with the bases, mangamtes To keep the nomenclature more or 
less uniform, the salts of the acid anhydride Mn0 2 are called permangamtes , and 
those of the acid unknown anhydride, Fe0 2 , are called perfemtes Similarly, the 
salts of the acid anhydride Cr0 3 are called chromates, those of Mn0 3 , manganates, 
and those of Fe0 3 , fenates The ferrites can thus be regarded as salts of a mono- 
basic ferrous acid , HFe0 2 , which was obtained by J M van Bemmelen and 
E A Klobbie 1 as indicated below It may be convement to regard the ordinary 
femtes as metafemtes, R'Fc0 25 and the acid, HFe0 2 , as metalerrous acid The 
orthofemtes, R/FeOs, are then regarded as salts of a tnbasic orthoferrous acid, 
H 3 Fe0 3 The “ ous ’ and u ic 5 nomenclature unfortunately goes wrong with the 
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chromites, mangamtes, and ferrites , the orthoferrous acid, H 3 Fe0 3 , is analogous 
with feme hydroxide, Fe(OH) 3 , and the iron is m the “ ic 55 form In a special 
case, discussed previously, it was convement to consider feme oxide, Fe 2 0 3 , as 
feme orthofernte , Fe(FeO s ) Some polyferrites are known The ferrites were 
discussed by L E R Dufau, H le Chateker, S Hilpert, etc 

A Chondew observed that a ferrite is probably formed when potassium hydroxide 
is fused m an iron crucible, for, when the cold mass is boiled with water, some 
feme oxide remains m soln , and a similar soln is 
produced when hydrated feme oxide is boiled with 
cone alkali-lye The alkali femtes are formed by the 
interaction of fused or cone aq soln of the alkali 
hydroxides and feme oxide or iron-rust The removal of 
femtes from caustic alkah-lye picked up in the evapo 
rators is an important operation m the finishing of com- 
mercial caustic alkalies Reducmg agents — e g sulphur 
—is one method employed m reducing the femtes and 
causing the iron hydroxides to separate from the soln 
— The Adsorption an( j ultimately to settle as a deposit at the bottom of 

Hydrated Feme 0 side^ tte caustlc P ot The ^tion of the lye to less than 
40 per cent NaOH will precipitate most of the iron as 
hydrated oxide G C Wittstem said that hydrated feme oxide is slightly 
soluble m cone alkah-lye, but L Schaffner observed that this is a mistake, for 
the feme oxide is only in a state of fine mechanical suspension A W Bull and 
J R Adams studied the adsorption of sodium hydroxide by hydrated feme 
oxide, and the results are summarized m Fig 544 There is here no sign of the 
formation of a ferrite 
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E PosnjakandT F W Barth prepared lithium femte, Li(Fe0 2 ), or Li 2 0 Fe 2 0 3 , 
by heatmg a cone soln of kthium hydroxide and ferric hydroxide m a press bomb 
below 600° The crystals were anisotropic If the temp exceeds 600°, an isotropic, 
cubic modification is produced, and also when lithium carbonate and feme oxide 
m theoretical proportions are heated to redness The X-radiograms show that the 
cubic form has one Li 2 0 Fe 2 0 3 molecule per unit cube which is of the sodium chloride 
type The length of one edge is 4 141 A , the sp gr is 4 368 , and the refractive 
index, 2 40 for Li-hght S Hilpert and co workers studied the magnetization of 
this salt 


F von Schaffgotsch prepared sodium femte, with the formula — presumably 
from the analyses of W F Salm-Horstmar, and J M van Bemmelen and 
E A Klobbie — Na s O Fe 2 0 3 , or NaFe0 2 F von Schaffgotsch found that a 
mixture of a mol, or 78 parts of ferric oxide and a small excess of anhydrous sodium 
carbonate at a red-heat, gives ofl a little more than a mol or 23 9 parts of carbon 
dioxide, forming a liver brown sodium ferrite which does not readily melt The 
fracture is waxy and conchoidal On exposure to air, sodium femte becomes 
reddish-brown and dull Hot and cold water extract the alkali, leaving feme oxide 
behind W F Salm-Horstmar, 0 Loew, and E Mitscherkch prepared the salt 
m a similar way , M O Charmandanan and G V Martschenko, by heatmg 
a mixture (3 1) of iron oxide and sodium carbonate at 950° , and E Mitscherkch, 
by calcining sodium feme oxalate m air The yellow product is decomposed by 
acids J d’Ans and J Loffier obtained the femte by the action of feme oxide 
on sodium hydroxide , and G Rousseau and co workers, by heatmg hydrated 
ferric oxide mixed with sodium hydroxide or carbonate up to 800° or 1000° 
J M van Bemmelen and E A Klobbie prepared the alkali femtes by the pro- 
longed heating of feme oxide with cone alkah-lye, the resulting femte is partially 
soluble and gradually crystallizes The crystals of the sodium salt appear at first 
to be crossed prisms, but they afterwards form hexagonal plates which sometimes 
become rhombohedral and spherical, or else they form long needles The same 
crystals are produced when feme oxide is heated with fused alkali caibonate or 
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chloride Excepting the hexagonal plates, the crystals of sodium femte are 
decomposed by water when they assume at first a pseudocrystalhne form, and then 
pass into amorphous, hydrated feme oxide 

The hexagonal plates of sodium femte, when treated with water, furnish /errors 
acid , Fe 2 0 3 H 2 0, or HFeOg, with the same crystalhne form, transparency, and 
optical properties as the original femte S Goldsztaub found that the rhombo- 
hedral crystals have the parameters a— 5 59 A , a=35° 20', and the density 4 23 
Ferrous acid is not hygroscopic, and it begins to lose water at 100°, whereas 
goethite can be heated to 300° without losing water 

According to G Zimite, when a strong current of air is blown into a hot, cone 
soln of soda containing about 34 per cent of hydroxide, standing in an iron vessel, 
or to which finely divided hydrated feme oxide has been added, perceptible quantities 
of iron are dissolved without colouring the liquid The soln remains clear and 
colourless for several days at the ordinary temp , but ultimately becomes turbid, 
yellow, and finally red, owing to the separation of the hydrated feme oxide , this 
colour, however, disappears agam on heating When the colourless soln is diluted, 
the feme oxide is precipitated m about half an hour, but is Te dissolved by con- 
centrating the dil soln Hydrogen sulphide at first produces a deep, cherry-red 
coloration in the colourless liquid, and on continuing the action a greenish-black 
precipitate is formed, leaving a clear soln free from iron, but slightly yellow from 
the presence of sodium sulphide G- Zimite assumed that sodium ferrate is formed, 
but this hypothesis does not agree with F Haber’s observations, which show that 
sodium femte is produced According to F Haber, when a soln of sodium ferrate 
is boiled for a sufficiently long time, it becomes colourless or pale yellow, provided 
that care has been taken to use materials which are free from manganese The 
yellowish soln contains a soluble femte, and when kept, deposits colourless crystals 
of a compound which very quickly decomposes when it is removed from the strongly 
alkaline liquid The same soln of feme oxide is obtained by boiling feme hydroxide 
with a cone soln of sodium hydroxide Addition of an alkaline sulphide gives a 
red coloration, due to the formation of the double alkali iron sulphide to which the 
Ted liquors of Leblanc’s alkali manufacture owe their colour When pure iron is 
boiled gently for a few minu tes with cone sodium hydroxide soln , the liquid is 
found to contain ferrous oxide When exposed to air, this soln readily oxidizes 
to the feme oxide soln Both the soln of ferrous and feme oxide are readily 
oxidized to ferrate by electrolytic oxygen O Loew said that the salt is soluble 
m a cone soln of sodium hydroxide , but O Sackur observed that it is insoluble 
m molten alkali chlorides or carbonates, and in molten alkaline earth chlorides 
W G Mixter gave for the thermal value of the reaction Fe 2 0 3 +nNa 2 0 
=-Fe 2 0 3 wNa 2 0+58 Cals M Matsui and co-workers found for the heat of the 
reaction Na 2 0+Fe20 3 =2NaFe0 2 +44 82 Cals , Na 2 C0 3 +Fe 2 0 3 =2NaFe0 2 +C0 2 
—32 06 Cals , (2Na,2Fe,20 2 ) ==2Na 2 Fe0 2 +248 08 Cals , and 2NaFe0 2 +H 2 0 
=2NaOH aq +Fe 2 0 3 — 101 32 Cals V I Sokoloff found that the decomposition 
of sodium femte by water is endothermal — 55 14 Cals — and the heat of formation 
(Na 2 0,Fe 2 0 3 )=58 Cals The reaction between ferric oxide and sodium carbonate 
begins at 820° , and the press of the gas is given by log p =— 7539 6T ~!+ 1 75 
log T— 0 001626T+0 0808, from which it follows that 2NaFe0 2 +C0 2 ==Na 2 C0 3 
4-Fe 2 0 3 -f 34 873 Cals at 25° G Grube and H Gmelm showed that when iron 
which has been rendered active by cathode treatment is anodically polarized by a 
low current density m a 40 per cent soln of sodium hydroxide and in complete 
absence of air, it passes into soln , m the bivalent condition, as sodium Jiypofernte, 
Na^FeC^ at 80°, with a current density of 0 166 amp per sq dem , 0 026M-soln 
of sodium ferrite is formed Sodium f ernte can be obtained by the anodic oxidation 
of an alkaline soln of ferrous hydroxide, or by the cathodic reduction of sodium 
ferrate using platinum electrodes A soln of sodium ferrite is much more complex 
than an alkaline soln of ferrous hydroxide The anodic soln of bivalent iron m 
40 per cent sodium hydroxide takes place at 80° at potentials eH —0 84 to —0 82 
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volt At a slightly higher potential, eR —0 8 to —0 7, the oxidation process 2Fe0 2 " 
-f-2® ^Fe 2 0 4 ' ' takes place In 40 per cent sodium hydroxide soln , the equilibrium 
potential of the process Fe+2®v^2Fe // lies at eH— — 0 86 volt The subject was 
discussed by L Rolla and R Salani S Hilpert and co workers studied the magneti 
zation of the ferrites W G Mixter reported the ferrite Na 3 Fe0 3 , T Wallace 
and A Fleck, Na 2 Fe 3 0 6 or Na 3 Fe 5 0 9 , and W H Schramm, Na 2 Fe 2 0 5 

W F Salm-Horstmar, E Mitscherlich, and J M van Bemmelen and 
E A Klobbie prepared potassium femte, K 2 0 Fe 2 0 3 , or KFe0 2 , by the process 
employed for the sodium salt The crystals of the potassium salt appear at 
first to be rhombic plates, but, as the heating is continued, and the water expelled, 
they become regular octahedra W F Salm Horstmar’s analysis agrees with 
3K 2 0 4Fe 2 0 3 , but J M \ an Bemmelen and E A Klobbie found KFe0 2 According 
to G Rousseau and J Bernheim, potassium ferrate is rapidly decomposed by fused 
potassium chloride or h}d*i oxide to form potassium femte and oxygen The 
alkalinity of the flux has no influence on the result, as is also the case with barium 
ferrate If potassium hydroxide be employed, the ferrite is not changed by con 
tmued heating at blight redness, but if the flux is a mixture of hydroxide and 
chlonde, the ferrite is gradually com erted into reddish, transparent crystals of 
hydrated feme hydroxide, containing about 3 per cent of alkali The general 
properties of potassium and sodium femte are similar S Hilpert and co workers 
found that the alkali ferrites prepared m the wet way are indifferent in a strong 
magnetic field, but when prepared m the dry way, they are strongly magnetic 
The magnetic properties aie lost at 150° S Hilpert and A Lindner prepared the 
potassium ferrites K 2 0 Fe 2 0 3 , K 2 0 2Fe 2 0 3 , and K 2 0 7Fe 2 0 3 , and examined their 
X radiograms Similarly with the rubidium femte, Rb 2 0 Fe 2 0 3 , and with the 
caesium femte, Cs 2 0 Fe 2 0 3 

C Fnedel found a dark grey mineral on the lithomarge of Ekaterinburg, Siberia, 
and he called it delafossite— after G Delafosse It occurs m small, tabular crystals 
which are cleaaable into thin, opaque lammcC of sp gr 5 07 According to 
A F Rogers, delafossite occurs m mines at Bisbee, Arizona, and the analysis 
corresponds with cuprous femte, CuFe0 2 The rhombohedral crystals are trigonal 
with the axial ratio a c = 1 1 94 The hardness is 5 5 The mineral fuses easily 
and becomes magnetic It is soluble m hydrochloric and sulphuric acids, but not 
m nitnc acid 8 Hilpert melted together cuprous oxide and feme oxide at 1250° 
m an atm of nitrogen and obtained a black, magnetic mass , by treating a mixed 
soln of cuprous and ferric salts with alkali, cuprous ferrite is formed, as a flocculent 
black mass which becomes crystalline at 900° A C Halferdahl found that copper 
femte melts at 1458° , and F S Wartman and G L Oldright said that copper 
ferrite probably exists m the slags from pyrite smelting E V Shannon discussed 
the formation of ferromagnetic CuO Fe 2 0 3 K List obtained cupnc femte, 
Cu(Fe0 2 ) 2> by heating a powdered mixture of cupric and ferric oxides, 
V Y Mostovich and G S Uspensky said that the reaction begins at 600°, and pro- 
ceeds rapidly at 750° P T Walden recommended heating the mixture m an 
electric furnace, and removing the excess of feme oxide by a magnet and levigation , 
and W Stahl recommended heating a mixture of 5 grms of cuprous oxide and 16 7 
grms of feme oxide at 750° to 800° m a covered porcelain crucible m a muffle 
K List also obtained it by heating to redness a mixture of cupric and ferrous nitrates, 
and by adding potash lye to a mixed soln of feme chloride end cupnc sulphate to 
precipitate all the copper and iron The dirty yellow precipitate when dried m 
vacuo over sulphuric acid forms a cinnamon-brown powder of the pentahydrate 
It becomes anhydrous at a red heat K List also prepared cupric femte by treating 
a soln of feme chlonde with cupnc oxide, when a brownish-yellow precipitate is 
formed S Holgersson found that the X radiograms of the spinel-like crystals 
had the lattice parameter «= 8 445 A This was confirmed by H Forestier 
W Blitz and co workers found that the 0u(Fe0 2 ) 2 spinel had the mol vol 45 3, 
where the CuO has the mol vol 12 6, and the Fo 2 0 3 , 32 7 H Forestier found that 
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the cun e showing the expansion at different temp has a break at 155^ S Loria 
and C Zakrzewsky found the indices of refraction 3 and the coefr of extinction, l, 
foi light of wa\ e-length, A, to be 

A 4390 4060 5530 5896 6330 7040 

u 2 77 2 70 2 73 2 71 2 67 2 59 

k 0 69 0 59 0 47 0 29 0 25 0 16 

The brownish black cupric ferrite is magnetic S Hilpert obtained cupric ferrite 
as m the case of cuprous ferrite , and by compressing a mixture of powdered cupric 
and ferric oxides, and sintering at 100° The magnetic permeability disappears 
at 280° O C Ralston observed the formation of zinc and copper ferrites m the 
roasting of sulphide ores at about 650°, and the cupric ferrite so formed resists the 
action of the 5 to 10 per cent sulphuric acid used m leaching, so that losses occur 
H Eorestier and G Chaudron obtamed the ferrite by precipitation from a mixture 
of the component chlorides, by sodium hydroxide, and then heating the precipitate 
The mean magnetic susceptibility of copper ferrite obtamed by H Forestier and 
G Chaudron, is 102 xlO- 3 mass 
unit between 0 and 100 gauss 
S Hilpert and co-workers, and 
A Serres made observations on this 
subject H Forestier observed that 
the magnetization decreases slowly 
with rise of temp , but there is an 
abrupt decrease at 420° which ends 
at 450°, a temp corresponding with 
the Curie pomt The relation be- 
tween the strength of the magnetic 
field and the intensity of magnetiza- 
tion is shown m Eig 545 A Serres, 
and S Yeil studied the magnetic 
properties of copper femte E Wil- 
son and E E Herroun found that 
the femtes have higher magnetic 
susceptibilities than ferric oxide, 
and observed values for cupric 
ferrite Y Y Mostovich and G S 
Uspensky found that the ferrite is 
insoluble m soln used for extractmg 
copper oxide m hydrometallurgy It 
is decomposed by sulphur dioxide at 
500° to 600° , and by calcium 1 oxide, 
and other strong bases P T Walden said that no blue precipitate is formed 
when cupric femte is treated with a soln of potassium feracyainde 

H Rose prepared silver hemifemte, Ag 4 0 Fe 2 0 3 or Ag 2 Ee0 2 , by adding fenous 
sulphate to an excess of an ammomacal soln of silver oxide m ammonia 
N W Eischer found that instead of producing a black, granular precipitate, the 
colour is yellowish-brown if too much ammonia is used, and green, if too much 
ferrous sulphate is added Ammonia extracts a little silver oxide from the pre- 
cipitate and colours it yellowish-brown Hydrochloric acid converts it into feme 
chloride and a precipitate of reddish-grey silver chlorides, and if the precipitate be 
treated with ammonia, metafile silver remains undissolved, suggesting that the 
precipitate contains silver suboxide It is probable that this product contains some 
feme hydroxide associated with colloidal silver According to M C Lea, a soln 
of feme alum readily dissolves silver at the ordinary temp , with production of a 
ferrous salt, and if the feme compound is m excess, the whole of the silver is 
dissolved When ferrous sulphate soln is mixed with successive quantities of 
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silver oxide until a fresh quantity of the latter is no longer affected, the whole of 
the iron is precipitated, and a black product is obtained which is probably the 
compound Ag^O 2FeO Fe 2 0 3 obtained by H Rose in the same way When a soln 
of ammonium ferric alum is mixed with a large excess of finely divided silver m a 
well-closed vessel and allowed to remain for several days, with frequent agitation, 
the liquid acquires a deep red colour, which may persist for several days, but then 
gradually disappears, the soln becoming greenish, although it still contains a con 
siderable quantity of feme salt It foSows that the reducing action of silver on 
feme salts is limited and ceases before reduction is complete, even when the silver 
is present m large excess K Pilawsky, and A Krause and K Pilawsky prepared 
Silver femte, (AgFe0 2 )tt, by the action of a soln of silver nitrate on yellow meta 
feme hydroxide, FeO OH, obtained by the action of air on ferrous hydroxide, or 
ferrous acid, (HFe0 2 ) m in soln of p H =5 2, and peptized in 0 OliV'-acetic acid , if 
brown orthofemc hydroxide, obtained by the action of alkali on a feme salt, p H =7 7, 
is used, then silver hydrofemte, Ag 3 H(Fe0 2 )2» is formed The salt was studied by 
A Krause and W Buczkowsky 

The bleaching action of calcium oxide on the yellowish or reddish-brown colour 
produced by feme oxide in clays has long been known in the ceramic industries, 
and attributed to the formation of a calcium femte of paler tmt Thus, the effect 
is mentioned by H Seger According to J Percy, feme oxide forms fusible com- 
pounds with calcium oxide if the mixture in theoretical proportions for calcium 
femte, CaO Fe 2 0 3 , or (CaFe0 2 )2, be heated to whiteness in an oxidizing atmosphere 
The mass of dark brown, interlacing, acicular crystals is magnetic, and it has a 
sp gr 4 693 The composition is said to be analogous to that of magnetite with 
ferrous oxide replaced by calcium oxide, or to that of a spmel with alumina 
replaced by feme oxide S Hilpert and A Lmdner examined the X-radiograms 
of CaO Fe 2 0 3 H 0 Hofmann and W Mostowitsch prepared a crystalline calcium 
femte by heating equimolar proportions of calcium sulphate and feme oxide 
Sulphur dioxide and oxygen were given off at 1100°, and at 1250° the mass was 
molten The calcium femtes in Portland cements were described by H Kuhl, 
and R Nacken and M E Grunewald C E Swartz and F C Krauskopf obtained 
non-magnetic calcium ferrite by heating calcium oxide and feme oxide above 
650° L Jacque found that the first clear signs of fusion with mix tures of feme 
and calcium oxides were obtained at the following temp 

CaO 0 6 10 20 26 30 40 50 60 70 per cent 

Temp >1600° 1466° 1290° 1230° 1220° 1220° 1246° 1370° 1430° >1600° 

If the mixtures are kept until completely fused, a portion of the feme oxide is 
dissociated, and some ferrous oxide is formed This reduces the f p of the mixture 
The ratio Fe 2 0 3 FeO approaches 2 22 on prolonged heating, and the ratio 2 22 
corresponds with Feg 04 J Pelouze obtained a product, which he represented by 
the formula 4CaO Fe20 3 , by adding an excess of potash-lye to a soln con taining 
a mol of feme and 4 mols of calcium chloride , H Forestier and G Chaudron 
obtained calcium femte by a similar process , K List, by adding lime-water to a 
soln of feme chlonde, washing the product with lime-water, and heating it to redness 
S Hilpert prepared calcium femte by the fusion process J G uilhs sen did not 
obtain definite results for the temp at which the reaction between ferric oxide and 
calcium carbonate begins H Forestier observed that the ferromagnetic crystals 
are not cubic, and may have a face centred, tetragonal lattice with a c=l 0 8 
The ferromagnetic property relates to an unstable state which is lost at higher 
temp 

S Hilpert and E J Kohlmeyer studied the binary system, Ca 0 -Fe 20 3 , 
thermally, and their results are summarized in the curve, Fig 546 Under the 
conditions of the experiments, mixtures with less than 31 molar per cent of feme 
oxide were very viscid, and the last portion solidified at 1410° The calcium oxide 
formed well-developed crystals With less than 75 molar per cent of calcium oxide. 
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the primary crystallization is that of calcium orthofemte,^iCaO Fe 2 0 8 , which 
melts at 1410°, and disintegrates, hke calcium orthosilicate, when cooled The 
next compound formed is 3CaO 2 Fe 2 0 8 , or calcium tetrafemte, which melts at 
1450° This sohd, at 1220°, undergoes a reaction forming a compound pentacalcmm 
hexafemte, 5CaO 3Fe 2 0 3 , resembling the corresponding alummate, 5CaO 3A1 2 0 3 
E D Campbell obtained a femte, 5CaO 3 Fe 20 3 , and said that it is isomorphous with 
5CaO 3 AI 2 O 3 R Nacken and M E Grunewald examined the red crystals of this 
salt and found them to be doubly refracting N M Yasmrkm gave 6 9 Cals for 
the heat of formation of 3CaO Fe 2 0 3 , and 2 9 Cals for that of 4CaO Fe 2 0 3 

J Pelouze, and W Pukall reported 4CaO Fe a 0 8 , W Pukall, and E Diepschlag and 
E Horn, 3CaO Fe 2 0 3 , R Nacken and M E Grunewald, 5CaO 3Fe 2 0 3 , P Martin and 
O Fuchs, 3CaO 2Fe 2 0 3 , and Z Weyberg, 2CaO 5Fe 2 0 8 E Martin reported the hydrate, 
CaO 4Fe a O s 6H a O, or CaO 3Pe 2 0 8 5H a O , and CaO 2Fe a 0 8 2H a O CaO Pe 2 0 8 H 2 0 
3CaO 2Fe a O s 3H a O 4CaO 2Fe 2 0 3 3H 2 0 6CaO 2Fe a O a 3H 2 0 , W Miehaehs 3CaO 
Fe 2 0 8 3H a O , and H le Chateher, 4CaO Pe a 0 3 12H a O 

Retummg to S Hilpert and E J Kohlmeyer’s diagram, Fig 546, there is a 
eutectic at 1200°, and 50 mol per cent of calcium oxide , and a second maximum at 
1400°, corresponding with dictUcium hexafemte, 2 CaO 3 Fe 20 s Below the eutectic 
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Fig 546 — Freezing point Curves of the 
Binary System CaO-Fe a O a 
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temp , calcium metatemte, CaO Fe^s, or Ca(Fe0 2 ) 2 , is present The behaviour 
of mixtures rich m feme oxide is complicated, partly owing to the escape of 
oxygen, and the formation of magnetite Calcium metafernte was also prepared 
by W C Hansen and co-workers — vide infra— W F Salm-Horstmar, W Pukall, 
K List, S Peacock, K Endel, C E Swartz and E C Krauskoj f , H O Hofmann 
and W Mostowitsch, 0 Schott, H Moissan, and J Percy , whilst E Diepschlag 
and E Horn prepared the 2 1, 5 3, and the 1 1 femtes R B Sosman and 
H E Merwin could not confirm S Hilpert and E J Kohlmeyer’s five calcium 
femtes The equilibrium diagram is summarized in Fig 547, and only two 
femtes were observed The compound 2 CaO Fe^s dissociates and is in equilibrium 
with calcium oxide and liquid at 1436°, and all mixtures with less than 36 molar 
per cent of calcium oxide, up to pure calcium oxide, liquefy m part at this temp , 
leaving pure calcium oxide as the sohd phase in excess The compound CaO Fe 2 0 3 
dissociates and is in equikbnum with 2 CaO Fe 2 0 3 , and liquid at 1216°, and all 
mixtures between about 35 and 62 molar per cent Fe^ liquefy m part at 1216°, 
forming liquid, and 2 CaO Fe^ as sohd phase in excess This dissolves as the 
temp rises and disappears at the kquidus curve The compound CaOFe 2 0 3 
dissociates and is nearly all liquefied at 1216°— J Konarzewsky gave 1251°— and 
at 1250° the sohd phase, 2 CaO Fe^, formed by dissociation, all disappears The 
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eutectic at 1203° between calcium metafemte and furic oxide lias between 75 and 
90 per cent ferric oxide and is probably nearer the former amount No optical 
evidence of solid soln of calcium oxymetafernte with calcium oxide or calcium 
metafemte, or of calcium metaferrite with calcium oxymetafernte or feme 
oxide was observed M E Grunewald verified the results with 40 to 65 molar 
per cent of calcium oxide E D Campbell studied the mixed crystals with 
calcium alummate N M Yasuirkm ga\e 15 Cals for the heat of formation 
of CaO Fe 2 0 3 S Nagai and K Asaoka found that calcium metaferrite is not 
acted on by water E Diepschlag and E Horn said that the orthofemte reacts 
with calcium sulphide at 800°, but not with ferrous sulphide below 1150° Calcium 
oxymetafernte, or calcium oxy ferrite, 2CaO Fe 2 03 or Ca 2 0(Fe0 2 ) 2 , is formed at 
1436° m well-developed, black crystals, which are >ellowish-biown by transmitted 
light M E Grunewald also obtained tabular crystals of calcium oxymetafernte 
E Martin gave 1300° to 1325°, R Nacken and M E Giunewald, 1380° to 1420° , 
J Konarzewsky, 1440° , O Schott, 1500° , and O Andersen, 1436° for the mcon 
gruent mp of the oxymetafernte Tins compound was also prepared by 
C W Hansen and co workers, and by S Nagai and K Asaoka, W Pukall, 
V Vincent, W Lerch and R H Bogue, and O Schott — vide infra According to 
R B Sosman and H E Merwm, the melted substance may be under cooled to 
1385°, but it always shows traces of the dissociation products, calcium metafernte 
and oxide Calcium oxymetafernte furnishes positive, biaxial crystals with a 
moderate optic axial angle N M Yasuirkm gave 32 03 Cals for the heat of 
formation of 2CaO Fe 2 0 3 The indices of refraction for Li-light are a=2 200, 
/J=2 220, and y=2 290 , and for Na light, a=2 25, whilst ft and y have a lower dis 
persion The transition temp at which the metafernte dissociates and is m equili- 
brium with the oxymetafernte is 1216° Calcium metafemte forms deep red 
crystals which are negative, and uniaxial E Martin ga\e 1225° to 1250°, 
R Nacken and M E Grunewald, 1220° to 1230° , H O Hofmann and 
W Mostowitsch, 1250° , S Hilpert, 1200° , and O Andersen, and R B Sosman 
and H E Merwm, 1216°, for the mcongruent m p of the metafernte According 
to R B Sosmann and H E Merwm, the refractive indices are a>=2 465 
and €=2 345 for Li light , and for Na light, co = 2 58 and €=2 43 S Nagai and 
K Asaoka observed that 2CaO Fe20 3 is slowly decomposed by water According to 
R B Sosman and H E Merwm, a considerable amount of ferrous oxide or 
magnetite was formed with mixtures containing less than 50 mol per cent of 
lime, but with higher proportions of lime, the amount of ferrous oxide formed 
below 1600° is relatively small 

O Andersen, R Nacken and M E Grunewald, and E D Campbell obtained 
results confirming R B Sosman and H E Merwm’s view that there are only two 
definite calcium ferrites According to E Martin, the calcium f ernte which is formed 
on heatmg a mixture of feme oxide and calcium carbonate depends on the propor 
tions m which the ingredients are mixed, and not on the temp attained , thus, at 
1200°, the 1 1 mixture furnishes the metafemte, and the 1 2 mixture, the oxymeta- 
femte The powdered metafernte has a sp gr near 4, it is magnetic, and non- 
hydranhc , the powdered oxymetafernte has a sp gr below 4> it is magnetic, and 
has a hardness of 6 H Forestier said that the structure, from the X radiograms 
is not cubic R Nacken and M E Grunewald said that m the presence of much 
molten calcium chloride, the metafemte forms rhombic needles, and the oxymeta- 
femte, plates Only these two compounds are formed m the presence of an excess 
of molten calcium chlonde When equimolar proportions of feme and calcium 
oxides with half their weight of calcium chlonde are melted 2 to 4 days at 1200°, 
5CaO 3Fe 2 03 18 formed, and if 3 mols or more of calcium oxide and 1 mol of feme 
chlonde be treated m a similar way, calcium oxymetafernte is formed The 
fusion curve of calcium metafemte and alummate is shown m Fig 547 

According to S Hilpert and E J Kohlmeyer, molten mixtures of calcium and 
feme oxides furnish brown to black products — those with a large proportion of 
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ferric oxide are steel-grey, and the colour becomes paler with increasing proportions 
of calcium oxide Many different tints were observed, according to the temp at 
which the different mixtures were sintered M E Grunewald found the crystals 
of OaO Fe 2 0 3 are rhombic The hardness decreases with increasing proportions of 
calcium oxide The sp vol curve shows a sharp change of direction when 
CaO Fe 2 0 3 is formed, and another, less distinct break occurs near 20 molar per 
cent CaO The following is a selection from the sp gr and sp vol data for 
different molar percentages of calcium oxide of sp gr 3 316, and feme oxide, of 
sp gr 5 190 

CaO 10 17 5 22 27 41 50 56 64 

Sp gr 5 025 4 878 4 844 4 785 4 724 4 683 4 480 4 213 

Sp vol 0 1982 0 2018 0 2064 0 2089 0 2177 0 2135 0 2232 0 2374 

R Nacken and M E Grunewald gave 5 08 for the sp gr of CaO Fe 2 0 3 , 3 98 
for that of 2CaO Fe 2 0 3 , and 4 02 for that of 5CaO 3Fe 2 0 3 The electrical con- 
ductivity is very small even with fused feme oxide, which is only 10~ 10 of that of 
iron Solid soln are not formed The magnetic properties dimmish with the 
proportion of iron, and become insignificant with over 67 molar per cent of calcium 
oxide H Forestier and G Chaudxon gave 42 3 X 1(H* ma^s unit for the mean 
magnetic susceptibility of calcium ferrite between 0 and 100 gauss , and they 
found that it loses its magnetic properties irreversible when heated to 700° The 
heating and cooling magnetization temp curves coincide, unless the heating has 
been above the Cune point, in which case the Curie point is depressed from 425° 
to t§0°, so that it is completely transformed into a paramagnetic substance if 
kept at a high temp for some time H Forestier’ s observations on the relation 
between the strength of the magnetic field, and the intensity of magnetization 
were discussed in connection with Fig 545 S Hilpert and co-workers added 
that this femte loses its magnetic permeability at 160° The calcium femtes 
were also studied by S Nagai and K Asaoka S Hilpert and E T Kohlmeyer 
observed that the calcium femtes are much less readily attacked by reagents 
than the silicates, and hence they are better than silicates m cements for resisting 
the attack of sea-water Mixtures with 60 to 70 molar per cent of calcium 
oxide aie hydraulic W Pukall, S Nagai and K Asaoka, E Martin, and 
J Konarzewsky said that CaO Fe 2 0 3 is not changed by long contact with water, 
and it possesses no hydraulic properties, but O Schott, and K Zulkowsky did 
not accept this conclusion J Konarzewsky, W Pukall, S Nagai and K Asaoka, 
and K Zulkowsky noted that 2CaO Fe 2 0 3 does possess hydraulic properties m 
hardening under water, but not so much as Portland cement Calcium femtes 
are less readily reduced than ferric oxide W Odling said that hydrogen sulphide 
does not attack calcium femte According to E Martin, the metafemte is 
insoluble m 10 per cent acetic acid, and in a hot or cold soln of sodium carbonate, 
or of ammonium chloride It is shghtly soluble m a soln of lime and sugar, and it 
is slowly attacked by oxalic acid An excess of alumina decomposes the femte at 
a high temp , 1200°, whilst with sihea, siheoferntes are formed The oxymetafemte 
resembles the metafemte in its chemical behaviour, except that it is attacked slowly 
by 10 per cent acetic acid, it is also shghtly attacked by a boding soln of sodium 
carbonate, and is entirely decomposed by a hot soln of ammonium chloride 
W H MacIntyre and W M Shaw observed that whilst ignited feme oxide shows 
no tendency to absorb appreciable amounts of calcium sulphate, freshly precipitated 
feme oxide and hme, m the proportions 3CaO Fe 2 0 3 , readily does do H le 
Chateher, and K List obtained a calcium dichlorometafemte, CaCl 2 Ca(Fe0 2 ) 2 , or 
Ca(Cl)Fe0 2 , m bright, prismatic crystals, by dissolving calcium and feme oxide 
m fused calcium chloride It is not decomposed by water or air 

H Forestier prepared strontium femte, SrO Fe 2 0 3 , and observed an irregularity 
m the dilation curve near 480°, the Cune pomt The relation between the magnetic 
field and intensity of magnetization are shown m Fig 545 H Forestier said that 
VOL XIII 3 N 
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the X-radiogram indicates a hexagonal lattice with the ratio a c=0 1 8 
F Martin and 0 Fuchs prepared 2SrO Fe 2 0 3 , and H Borck reported a hydrated 
strontium fernte S Hilpert and A Lindner studied the X-radiograms of the 
strontium ferrites SrO Fe 2 0 3 , 2SrO 3Fe 2 0 3 , SrO 2Fe 2 0 3 , and SrO 4Fe 2 0 3 
E Martin prepared banum femtes as in the case of calcium femtes, and 
similarly with E J Maumene, and W Mostowitsch J Guilhssen foxmd that 
the reaction between feme oxide and banum carbonate begins at about 830°, 
and with banum oxide at about 1300° The reaction was studied by J Guillis 
sen and P J van Rysselberghe G Rousseau and J Bernheim found that if 
banum ferrate is introduced into banum chlonde or barium bromide fused at 800° 
to 1300°, it rapidly decomposes with effervescence, owing to the hberation of 
oxygen, and leaves a residue of feme oxide If, however, about 3 grms of 
banum ferrate are added gradually to a fused mixture of 15 grms of banum 
chlonde or bromide, and 5 grms of banum oxide, and the product is treated 
with water, it yields brownish black crystals of banum fernte At 1100°, about 
6 grms of banum oxide are required to prevent the decomposition of the fernte, 
and at an orange red heat 12 grms are necessary It follows from these results, 
that whereas banum ferrate, if heated alone, decomposes into oxygen, feme oxide, 
and banum oxide, yet, when heated with banum oxide, it yields oxygen and banum 
ferrite The decomposition of the ferrate m presence of neutral or slightly basic 
fluxes is analogous to the decomposition of alcoholates by dilution, but the latter is 
progressive whilst the former takes place suddenly as soon as the proportion of 
banum oxide has fallen below a certain limit If banum carbonate is present, it 
crystallises from the oxychloride which is formed, and the crystals are not readily 
separated from those of the fernte S Hilpert prepared barium femte in the wet 
way as m the case of calcium femte It is non-magnetic unless it has beep, heated to 
800° and cooled S Hilpert and A Lindner studied the X-radiograms of the banum 
femtes BaO Fe 2 0 3 , 2BaO 3Fe 2 0 3 , BaO 2Fe 2 0 3 , BaO 3Fe 2 0 3 , and BaO 4Fe 2 O a 
H Forestier said that the X-radiogram of BaO Fe 2 0 3 corresponds with a hexa 
gonai lattice H Forestier and G Chaudron prepared banum femte as in the * 
case of calcium fernte, and found that its mean magnetic susceptibility is 9 9 X 10~ 5 
mass unit between 0 and 100 gauss H Forestier observed a break m the dilation 
curve near 445°, and this temp is also the Cune point The relation between the 
strength of the magnetic field, and the intensity of magnetization is shown in 
Fig 547 S Hilpert and co-workers studied the magnetic properties of these 
femtes 

H Forestier and M Galand prepared beryllium femte, Be(Fe0 2 ) 2 , and found 
that the crystal lattice has the structure of lepidocrocite , so that BeO m the femte 
plays the part of water m lepidocrocite The femte decomposes at 360° into BeO 
and Fe 2 0 3 S Hilpert and co workers studied the magnetic properties 0 F Ram 
melsberg desenbed crystals of a mineral resembling magnetite which was obtained 
m the vicinity of the fumaroles of Vesuvius, and particularly about those of the 
eruption of 1855 He called the mineral magnoferrvte , G A Kenngott, magne- 
ferrvte, and J D Dana, magnesiofemte The crystals and their associations 
were described by A Scacchi, G vom Rath, H Bucking, G Leonhard, A Lacroix, 
and F Zambomm Before 0 F Rammelsberg’s examination, the crystals had 
been mistaken by T Monticelk and N Covelh, D F Wiser, A Scacchi, and 
A Krantz, for magnetite, haematite, or martite According to F Cornu, magnesite 
crucibles made from sintered magnesite contain crystals of penclase and of magnesio- 
femte The analyses of C F Rammelsberg correspond with 3MgO 4Fe203, but 
the presence of feme oxide as an impunty m the samples lead him to suggest the 
formula for magnesium femte, MgO Fe^, or Mg(Fe0 2 ) 2 W Weyl,andS Holgers, 
son obtained crystals by sintering at 1200° a mix ture of equimolar parts of magnesia 
and feme oxide, and heating the product with three times its weight of potassium 
chlonde at 1200° in a platinum crucible for 40 hrs K A Hofmann and K Hoschele 
found that magnesium chlonde is an excellent mineralizer for making crystals of 
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this spinel Analyses were reported by T L Watson, 6 S Rogers, and E Hngel 
K A Hofmann and K Hoschele heated the mixture with an excess of magnesium 
chloride , H Muller heated feme oxide with an excess of potassium magnesium 
sulphate, andF Hundeshagen heated the metal with molten hydrated magnesium 
chloride H St C Deville, E Posnjak, and R Nacken and M E Grunewald 
prepared magnesiofemte crystals by heating a mixture of magnesia and feme 
oxide m a current of hydrogen chlonde J Morozewicz obtained crystals of 
magnesiofemte, associated with spinel, on heating silicate magma rich in feme 
oxide, magnesia, and alumina T Weyl, and R Nacken and M E Grunewald 
said that the constituent oxides do not react at temp up to 1200°, but K Endel, 
L E R Dufau, C W Parmelee and co-workers, and C E Swartz and 
F 0 Krauskopf obtained magnesium ferrite by heating an intimate mixture of 
magnesia with feme oxide above 650° — H Forestier said that the reaction com- 
mences at about 350° , W C Hansen and L T Browmmller recommended a 
calcination temp of 1450° K A Redlich reported that some black crystals he 
observed m some magnesite refractories employed in the lining of a steel furnace 
were probably those of magnesium fernte 

H S Roberts and H E Merwin studied the ternary system Mg0-Fe0-Fe 2 0 3 
above 1000°, and with an oxygen pressure on the isobar 0 2 atm They observed 
two solid soln fields The solid soln A begins at MgO below 1000° and extends 
with increasing temp towards Mg(Fe0 2 )2 and FeO In Fig 548, the field A is 


FeO FeO 



Fig 548 — Portion of the Equilibrium Diagram of the Ternary System 
MgO-F eO-Fe a O s 


bounded by curve I, the Mg0-Fe 2 0 3 side of the triangle A liquid phase appears 
at 1770°, where the solid soln contains iron oxide equivalent to 73 per cent of 
Fe 2 0 3 The solid soln B extends with mcreasmg temp from Mg(Fe0 2 ) 2 towards 
the iron oxide boundary which it reaches at 1386° Solid soln of about 1 per cent 
of MgO in Mg(Fe0 2 )2 may occur between 1750° and about 1000° In Fig 548, the 
field B is bounded by the curves III and V The isotropic grains had the index of 
refraction 2 34 for Li-hght X-radiograms of the crystals were obtained It forms 
a solid soln with 91 per cent MgO AI 2 0 3 The structure was also studied by 
H Forestier, and T F W Barth and E Posnjak For solid soln of magnesium 
femte with ferric oxide and with magnesia, see Fig 548 The subject was discussed 
by H S Roberts and H E Merwin, R Nacken and M E Grunewald, C E Swartz 
and F C Krauskopf, and R Schenck and T Dmgmann 

According to C F Rammelsberg, and H St C Deville, the cubic crystals of 
magnesiofemte occur m octahedra, or octahedra with truncated edges W Weyl’s 
observations with the X-radiograms show that the crystal-lattice is of the spmel 
type E Posnjak found a=8 36 A, for the unit lattice containing 8 mols 
Mg(Fe0 2 ) 2 per unit cell, G L Clark and co-workers gave a— 8 366 A , and 
S Hol^rsson gave a=8 342 A , and L Passermi, a=8 360 AML Huggins 
discussed the electronic structure E Posnjak found that the calculated density 
is 4 518 and the observed 4 481 L Passermi gave 4 436 , and S Holgersson, 
4 53 , W Blitz and co-workers found the mol vol to be 44 1 with 11 3 belonging 
to MgO, and 3 28 to Fe 2 0 3 The index of refraction for Li-hght is 2 34 The 
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sp gr ranges from 4 568 to 4 654 , A Bergeat gave 4 998 to 5 247 The hardness 
ranges from 6 0 to 6 5 H Forestier observed a reversible break m the dilation 
curve at about 315° R Nacken and M E Grunewald found the m p to be too 
high for them to obtain an equilibrium diagram of the binary system MgO-Fe 2 0 3 
They obsen ed no reaction occurred with the well-mixed, powdered components at 
1200° K A Hofmann and K Hoschele obtained magnesium ferrite m solid soln 
with magnetite, and m octahedral crystals by fusing mixtures of magnesia and 
ferae oxide with an excess of dehydrated magnesium chlonde R Nacken and 
M E Grunewald examined the effect of heat on various mixtures of the com- 
ponents and m every case obtained no complex other than Mg(Fe0 2 )2 > they 
employed H St C Deville’s process and obtained black, octahedral crystals of 
sp gr 3 6 There was evidence that between 1350° and 1450° some change occurs 
m the crystals , there was no sign of fusion at 1550° H S Roberts and/ 
H E Merwm said that this compound dissociates slightly and begins to melt at 
1750°, and they observed the formation of a solid soln with magnesia H Forestier 
gave 1650° to 1700° for the mp F Beijennck said that magnesiofernte is a good 
electrical conductor H Forestier and G Chaudron gave 1700° for the m p and 
added that it is stable below that temp They observed the temp of the magnetic 
transformation of mixtures of magnesia with 2 to 50 per cent of ferric oxide to 
remain constant at 310°, and magnesium ferrite remains m the free state , with 
50 to 56 per cent of ferric oxide, the temp rises to 400°, and a solid soln of the 

ferrite m ferric oxide is formed , with 56 to 100 
per cent of ferric oxide, the temp is 675° corre- 
sponding with that of ferric oxide alone The 
mean magnetic susceptibility of magnesium fernte 
is 54xl0~ 3 mass unit The Curie point observed 
by H Forestier with different mixtures is shown 
m Fig 519 The relation between the strength 
of the magnetic field and the intensity of mag 
netization is shown in Fig 545 S Hilpert and 
co-workers, A Serres, S Holgersson and A Serres, 
and E Wilson and E F Herroun studied the sus 
ceptibility of magnesium ferrite S Hilpert said 
that magnesium ferrite prepared m the wet way 
A Serres studied the magnetic properties of mag- 
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is non-magnetic until fused 
nesium ferrite H St C Detille observed magnesium ferrite is insoluble m hot 
nitric acid , and C E Swartz and F C Krauskopf , that it is insoluble m 
alkali-lye, and m dll acids, but soluble m cone hydrochloric acid 

K Kraut added a mixed soln of a mol of a ferae salt and 6 mols of a magnesium 
salt to potash-lve of sp gr 11, and boiled the mixture for some hours The brown 
precipitate first formed becomes white It can be dned without change of colour 
at 120°, but if heated to redness, it becomes a lust-brown colour Its composition 
was assumed to be that of the enneahydrate of magnesium pentoxyfemte, 
5MgO Mg(Fe0 2 ) 2 H 2 0 It attracts carbon dioxide from the air , it becomes green 
when m contact with ammomum sulphide for 24 hrs , it is not changed by ammonia, 
and when it is heated with ammomum chloride, it forms feme oxide and magnesium 
chlonde According to L J Igelstrom, golden yellow or silvery white scales of a 
mineral occur m the iron-mine of Langban, Wermland, Sweden, and it was called 
pyroaunte — M F Heddle proposed calling it igelstrormte The mineral approximates 
to the peniadeedkydrate , 5MgO Mg(Fe0 2 ) 2 15H 2 0, or Fe(QH) s 3Mg(OH) 2 3H 2 0 It 
occurs m six-sided plates belonging to the hexagonal system, or else m masses with 
a fibious structure — vide supra, feme hydroxide H Sjogren, and G Flmkdescnbed 
the yellow to yellowish-brown crystals of pyroaunte, and said that they are optically 
negative with a low birefringence- The axial ratio is a c= 1 1 6557 The sp gr 
is 2 07, and the hardness 2 5 , 

P Berthier desenbed a mineral from Fra nklin Furnace, New Jersey, and named 
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it franklimte — after B Franklin The mineral also occurs near Eibach, Nassau , 
and at Altenberg near Aix-la-Chapelle It is now called franklmite Analyses 
reported by P Berthier, T Thomson, H Abich, G J Brush, H Steffens, 
C F Rammelsberg, F von Kobell, G H Seyms, G C Stone, and C Palache 
correspond with (Fe,Mn,Zn)0 (Fe,Mn) 2 0 3 , with the zmc ferrite, Zn(Fe0 2 ) 2 , or 
ZnO Fe 2 0 3 , predominant A Daubree prepared crystals of zmc ferrite by passing 
the vapours of the chlorides of zmc and iron over red-hot calcium oxide , J J Ebel- 
men heated a mixture of the component oxides with boric acid at a high temp , 
F Reich, and C E Swartz and F C Krauskopf , by strongly heating an intimate 
mixture of finely divided zmc and feme oxides , J Guilhssen and co-workers found 
that feme and zmc oxides react at about 620° to 650° yielding zmc femte , and 
0 C Ralston pointed out that the zmc femte formed in the roasting of sulphide 
ores is difficult to extract by 5 to 10 per cent sulphuric acid usually employed m 
the leeching of the roasted ore The femte can be decomposed by treatment with 
hot 20 to 30 per cent sulphuric acid near the bp , or by hot dil acid acting for 
a long time The zmc femte being ferromagnetic can be removed by magnetic 
concentration and treated separately , or the femte can be decomposed by using a 
carbonaceous reduemg agent — say, by sprinkling coal-dust on the hot calcine before 
it is discharged from the roastmg furnace Y Kato and T Takei obtained zmc 
ferrite by heating a mixture of zmc and feme oxides above 700°, and extiactmg the 
product with a soln of ammonium chloride so as to leave insoluble zmc femte 
The compound forms with appreciable velocity at 600°, and rapidly abo\e 700° 
The reaction was studied by J Guilhssen and P J van Rysselberghe, G L Oldright 
and D P Niconoff, E H Hamilton and co-workers, G Murray and D McIntosh, 
C W Parmelee and co-workers, Y Tafel and H Grosse, and K List W Florence 
reported that he had obtamed crystals by fusion m a mixture of lead oxide and 
borax According to A Gorgeu, the crystals are formed when a soln of a mol 
of sodium sulphate, 1 to 2 mols of zmc sulphate, and 0 25 to 0 5 mol of feme 
sulphate is evaporated to dryness, and the product fused at a cherry red-he it, 
a small quantity of the mixture being removed from time to time and treated 
with boiling water When nothing but octahedra appear in the liquid, together 
with some basic zmc sulphate, fusion is stopped, and the cooled mass is extracted 
with boding water, the basic zmc sulphate being removed by means of dd 
acetic acid The formation of zmc femte under these conditions is due to the 
action of the feme oxide, formed by the decomposition of the feme sulphate, on 
the mixture of sodium sulphate and basic zmc sulphate The femte can, in fact, 
also be obtamed by the action of powdered haematite on a mixture of zmc and 
sodium sulphates, fused at a cherry red-heat If the haematite contams sand, 
crystals of wdlemite appear after the formation of franklmite, and before the 
formation of crystallized zmc oxide This fact assists m explaining the association 
of these three minerals m certain vems Franklmite can also be formed from zmc 
chloride or fluoride The chloride is heated in moist air with feme chloride, or with 
powdered haematite In the case of the fluoride, 4 parts are mixed with 6 parts 
of potassium fluoride, and 2 parts of ferric fluoride or 1 part of ferric oxide Any 
crystals of zmcite which are formed are removed by treatment with dil acetic acid 
A fra nklmit e identical with the natural mineral is obtained by fusing together 
sodium sulphate and 10 per cent each of zmc, manganese, and ferric sulphates, 
and adding a small quantity of a reduemg agent, such as ferrous sulphide, during 
fusion The small quantity of ferrous oxide thus formed combmes with some of 
the feme oxide and forms magnetite, wh\ch crystallizes with the zmc ferrite 
K List, and H Forestier and G Chaudron obtamed zinc ferrite by adding sodium 
hydroxide to a mixed soln of zmc and ferric chlorides, and strongly heatmg the 
precipitate, andS Hilpert used a somewhat similar method J S Wells reported 
the compounds 2ZnO Fe 2 0 8 , and 4ZnO Fe 2 O s 

Franklmite is an iron-black mineral with a reddish brown or black streak , 
artificial zmc femte is reddish-brown with a yellowish red streak Franklimte 
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may occ^jr m coarse or fine granular or compact masses, and m octahedral crystals 
belongmg to the cubic system There is an octahedral pseudo cleavage or parting 
as with magnetite 3? Becke found that the corrosion figures with 17 5 per cent 
hydrochloric acid resemble those of spmel or magnetite , and 0 Mug ge obtained 
similar results with potassium hydrosulphate, etc Observations on the crystals 
Were also made by A H Phillips, F R van Horn, W J Mead and C 0 Swanson, 
and H Mierke , and J Komgsberger studied the optical amsotropy A Gorgeu 
said that the artificial crystals appear m regular octahedra modified by facets of the 
rhomboidal dodecahedron P F Kerr studied the X-radiograms E Posnjak 
found the cubic space-lattice is of the spmel type with eight molecules per unit cell, 
and with a=S 41 A , G L Clark and co workers gave a— 8 423 A , andS Holgers 
son gave a =8 403 M L Huggins discussed the electronic structure The 
calculated density is 5 349, and the observed 5 290 G C Stone gav e 5 09 to 
5 215 for the sp gr of frankknite , A Gorgeu, 5 09, and for artificial zinc femte, 

5 33, while J J Ebelmen gave 5 12 W Blitz and co-workers found that the mol 
vol is 44 6, of which 14 3 belongs to ZnO, and 30 3 to Fe 2 03 The hardness of 
franklmite is 5 5 to 6 5 , and of artificial zmc ferrite, 6 5 H Forestier observed 
no anomaly on the dilation curve up to 800° G Spezia said that the mineral is 
infusible before the blow pipe E S Larsen gave 2 36 for the index of refraction , 
and E Posnjak, 2 31 for Li-light E T Wherry found franklmite to be a medium 
radiodetector F Berjermck found that the mineral is a good conductor of 
electricity, particularly at high temp E E Fairbanks gave >81 (water 81) for 
the dielectric constant A Gorgeu said that the artificial femte is non-magnetic, 
while fra nklmi te is magnetic , S Hilpert found that artificial zmc femte is non 
magnetic until it has been fused , and H Forestier and G Chaudron stated that 
zmc femte gives a magnetization temp curve with no discontinuity, and which is 
reversible throughout The mean magnetic susceptibility of zmc fernte is 
0 16 x 10~ 3 mass unit F Stutzer and co workexs found the coefi of magnetization 
of franklmite to be 35 64x10-® , and E F Herroun and E Wilson, the magnetic 
susceptibility to be 455 X 10~ 6 , and W R Crane, 33 X 10~® According to Y Kato 
and T Takei, the most highly magnetic products are obtained by heatmg zmc and 
ferric oxides m the proportion 2 3 The product obtained by heatmg this mixture 
at 1130° and then quenching, was black and almost non-magnetic, but if allowed to 
cool slowly in the air it was reddish-brown and either magnetic or non-magnetic, 
according to the rate of cooling Black specimens turned reddish-brown and 
became more magnetic when heated at 450° The magnetic character of the brown 
specimens is attributed mainly to mechanically mixed feme oxide Magnetite can 
form solid soln with zmc femte and thereby greatly increase its magnetic character 
S Hilpert and co workers, and 8 Holgersson and A Serres studied the magnetic 
properties of the ferrites H Kittel and G F Huttig said that mixtures of the 
component oxides when calcined at 620° show*no marked change m magnetic 
properties or in their X-radiograms , at 620° to 670°, the magnetic susceptibility is 
increased , and at 670° to 770°, the compound becomes ferromagnetic, and there is 
a change in internal structure H A J Wilkens and H B 0 Nitze discussed the 
magnetic separation of frankknite H Forestier could not fix a definite Curie pomt 
A Gorgeu said that zmc femte is attacked very slowly by acids , f rankhmte dissolves 
in hydrochloric acid with the evolution of a little chlorine — this is attributed to the 
effect of the admixed manganic oxide C E Swartz and F C Krauskop found 
that zmc femte can be partially decomposed by calcium oxide or magnesium oxide 
at 850° V Tafel and H Grosse observed that at 1050°, zmc femte is reduced by 
charcoal as rapidly as zmc oxide, but below this temp , it is reduced more slowly , 
zmc oxide is more easily reduced by metallic iron , the addition of some lime to the 
femte favours reduction The transformations of frankknite in nature were dis- 
cussed by J Roth , and A R Leeds reported a pseudomorph of frankknite after 
calcite 

H Forestier and G Chaudron prepared Qftflmiiim femte, Cd(Fe0 2 )^, by the 
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methods they employed fox zinc ferrite The magnetic properties disappear on 
heating, and ultimately disappear at the Curie point, about 400°, but are restored 
on coohng , the heating and cooling curves give comcident curves unless heated 
above the Curie point, when this point is depressed, and by keeping the femte at a 
high temp for some time it can be transformed into a paramagnetic form 
E Posnjak found that the cubic space-lattice is of the spmel type with 8 mols 
per unit cell, and a=8 67 A , the calculated density is 5 835, and the observed, 
5 764 S Holgersson gave a=8 731 A W Blitz and co-workers found the mol 
vol is 50 0, of which 15 8 belongs to CdO, and 34 2 to H Forestier said that 

the lattice is hexagonal with the ratio a c = 1 1 64 Paramagnetic cadmium ferrite 
loses its magnetism when heated There is an allotropic change with the ferro- 
magnetic state unstable The index of refraction with Lt-light is 2 39 H Forestier 
observed that the magnetic transition temp is not reversible, being about 250° 
on the heating curve, and 150° on the coohng curve The relation between the 
strength of the magnetic field and the intensity of magnetization is shown m Fig 545 
No aluminium ferrite has been prepared A Salvetat observed the bleaching 
action of alumina on ferric oxide A Bechamp found that freshly precipitated 
al umini um hydroxide added to a dil or cone soln of ferric chloride slowly with- 
draws the iron from soln as hydrated feme oxide, but the reverse action does not 
occur, since freshly precipitated feme hydroxide does not dissolve m dil or cone 
soln of aluminium chlonde In some of the bauxites 


analyzed by P Berthier, H St C Deville, and 
M von Lill, some feme oxide seems to replace 
alumina isomorphously According to N Kuhnl and 
W Pauli, when precipitated aluminium hydroxide is 
peptized with # feme chlonde, or feme hydroxide 
with aluminium chlonde, brown sols are obtained 
containing roughly equivalent amounts of aluminium 
and iron, the proportions varying with the mode of 
preparation In the replacement of chlorine by 
coagulating anions, and in the relations exhibited by 
the transport numbers, and the size of particles, these 
sols resemble pure feme hydroxide peptized sols 
It is suggested that the sol particles have the same 
constitution as sohd soln H Forestier observed that 
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Pig 550 — Anomalous Point 
in the Dilation Curve of 
Mixtures of Feme Oxide 
with Aluminium and Chro 
mium Oxides 


the break in the dilation curve of different mixtures 

varied as indicated in Fig 550 S Hilpert and co-workers studied the 
magnetic properties of the al uminium femtes or sohd soln — A1 2 0 3 3Fe 2 0 3 
The mineral hercynvte , analyzed by B Quadrat, and synthesized by J J Ebel- 
men, is a ferrous aluminate — 5 33, 12 According to H Warth, when mixtures 
of alumina and feme oxide are Seated before the blow-pipe, they become pure 
white in colour provided the proportion of the feme oxide does not exceed 7 per 
cent , beyond that stage, the mixtures are brown after they have been heated 
The bleaching action of al umin a on feme oxide was observed by A Salvetat, and 
attributed by L A Keane, F H Scheetz, and J H Yoe, to be due to the fine 
particles of peptized ferric oxide bemg prevented from agglomerating to red feme 
oxide by al umina For ferric aluminate, vide infra, ferric chlonde 

According to E D Campbell, if a soln of lime m molten 5CaO 3AI2O3 contains 
al umina and feme oxide in the molar proportion 1 3, and is slowly cooled, a sohd 
soln of feme oxide and alumina crystallizes out in the ratio 1 7 until the ratio in 
the soln has increased to 1 3 5, when crystals of the sohd soln in this ratio crystal- 
lize out, and the ratio m the soln has attained 1 1 at about 1370° The solubility 
of calcium oxide in fused calcium ahimmates m which part of the alumina is replaced 
by feme oxide is less than in pure aluminates H Forestier and G Chaudron 
found that the presence of alumina in feme oxide does not lower the transition 
pomt, 675°, of feme oxide if the mixture has previously been heated to 400° This 




920 


INORGANIC AND THEORETICAL CHEMISTRY 


is taken to show a mere juxtaposition of the two oxides, not solid soln Mixtures 
heated to 700° afford evidence of the formation of solid soln , which is completed 
at 900° m 2 hrs The addition of up to 12 per cent of alumina decreases the tran 
sition point to 575°, but further additions produce no other change H le 
Chateher believed that a calcium alummatofemte, 3CaO A1 2 0 3 Fe 2 0 3 , exists, 
while E S Shepherd and co workers observed that calcium oxyfernte, 2CaO Fe 2 0 3 , 

reacted with 5CaO 3A1 2 0 3 W C Han 


MA 


3CaO SAIA 
CaO AL z 0 3 
5Ca03Al 2 0 3 


3Ca0AU0i 


sen, and L T Brownmiller and R H 
Bogue studied a part of the ternary 
system Al 2 0 3 -Fe 2 0 3 -Ca0, and their 
results are summarized in Fig 551 
The area A is the zone where calcium 
oxide occurs as primary phase , B, the 
alummate, 3CaO A1 2 0 3 , C, the alumm 
ate, 5CaO 3A1 2 0 3 , D, the complex 
4CaO A1 2 0 3 Fe 2 0 3 , and E 3 the zone of 
solid soln of 4CaO A1 2 0 3 Fe 2 0 3 and 
2CaO Fe 2 0 3 The dotted lme is not a 
true boundary line smce, owing to the 
formation of a continuous series of 
solid soln , there can be no true boun 
dary lme separating the fields where 
4CaO A1 2 0 3 Fe 2 0 3 and 2CaO Fe 2 0 3 
occur as primary phases Crystalline 
calcium alummatofemte, 4CaO A1 2 0 3 
Fe 2 0 3 — also called brownmillente — is readil} formed by heating a mixture of its 
components below 1400° It has a sp gi 3 77, and it melts congruently at 1415° 
The compound is biaxial, and negative , it has a medium optic axial angle , there 
is occasional polysynthetic twinning, and the prismatic grams ha\e the extinction 
angle agamst the prismatic faces vei\ small , the pleoehroism y is brown, and 
a, yellowish-brown The indices of lefraction are a=l 96 £—2 01, and y— 2 04 
for Li light , and a=l 98, /3=2 05, and y=2 08 for the yellow mercury line, A=578 
S Solacoln established the individuality of this salt It is stable m the presence 
of an excess of lime, and forms solid soln with dicalcium ferrite According to 
W C Hansen, and L T Brownmiller and R H Bogue, the f p curve of calcium 
alummatofemte with calcium oxide forms a eutectic mixtuie melting at 1395°, 
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Fig 551 — Phase Diagram of a Portion of 
the Ternary System CaO-Al 0 3 -Fe 2 0 3 



Fig 552 — Freezing pomt Curves of the 
System 4CaO A1*0 8 Fe 2 O s and CaO 



Fig 553 — Melting points and Befractive 
Indices of Solid Solutions of 4CaO 
A1 j 0 3 Fe 2 O s and 2CaO Fe 2 O s 


Fig 552 Mixtures of calcium alummatofemte, and calcium oxyfernte, Fig 553 
form a complete senes of solid soln The oxyfernte dissociates at 1435° into 
calcium oxide and liquid The indices of refraction of the solid soln are shown in 
Fig 553 Those nch in 4CaO A1 2 0 3 Fe 2 0 3 are negative, those nch m 2CaO Fe 2 0 3 
are positive Mixtures of calcium alummatofemte with calcium dioxytrialuminate, 
5CaO 3A1 2 0 3 , or 2CaO 3Ca(A10 2 ) 2 , have a eutectic at 1335°, Fig 554 With the 
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system calcium aluminate and fernte, Fig 555, there is a eutectic at 1205° 
W C Hansen and L T Brownmiller made a partial study of the f p of the system 



Fig 554 — Freezing point Curve of th 
System 4CaO A1 0 3 Fe 2 0 3 and 5CaO 
3A1 2 0 3 



Fig *>55 — Freezing point Curve of the 
System CaO Fe_0 3 and CaO A1 0 3 


MgO-4CaO A1 2 0 3 Fe 2 0 3 , and the results are summarized m Fig 556 The solid 
soln dissociate at 1370° , and undergo a thermal change at 1300° A calcium 
magnesium alummatofemte, 4CaO 2MgO A1 2 0 3 Fe 2 0 3 , is formed, which dissociates 
at 1370°, and changes from an a to a j3-form at 1300° Its sp gr is 3 72 , the 
crystals are umaxial or biaxial, with a very small optic axial angle , a— 1 92, and 
y=l 97 for Li-light The pleochroic crystals ha\ e 
<x=yellowish-brown, and y=dark brown almost 
opaque The X-radiograms were exanuned 
T F W Barth and E Posnjak studied the ferate, 
and favoured the structure Fe^MgFeO^ 

H von Wartenberg and W Gurr observed that 
no zirconium fernte is formed by heatmg mixtures 
of the constituent oxides — see Fig 530 S Hilpert 
and co-workers studied the magnetic properties of 
the stannic femtes, Sn0 2 2 Fe 20 3 and Sn0 2 3Fe 2 0 3 
According to K List, lead fernte, Pb(Fe0 2 ) 2 , is 
formed by the action of lead oxide on a soln of 
ferric chloride , according to 0 Proske, when lead 
sulphate is decomposed by feme oxide , and, 
according to H Forestier and G Chaudron, and 
S Hilpert, by adding alkah-lye tq a mixed soln 
of lead and ferric chlorides, and heatmg the pre- 
cipitate to redness H Forestier said that the 
X-radiograms correspond with a hexagonal lattice S Hilpert and A Lindner 
examined the X-radiograms of the lead femtes PbO Fe 2 0 3 , PbO 2Fe 3 0 3 , and 
PbO 8Fe 2 0 3 E J Kohlmeyer obtained cooling curves of mixtures of lead and 
feme oxides, and obtained evidence of the possible existence of compounds with 
the molar ratio, PbO Fe 2 0 3 =3 1,3 2,1 1,2 3, and 1 2 The microstructure 
of the mixtures agrees with these results The sp gr and sp vol of the mixtures 
were 



Fig 


55b — Freezing point Curves 
of the System 
MgO~4CaO Al a O s Fe 2 Oj 


PbO 

100 

75 

60 22 

51 48 

40 12 

28 2b 

18 39 

9 71 

Sp gr 

9 514 

8 170 

7 896 

6 936 

6 337 

5 974 

5 461 

5 353 

Sp vol 

0 105 

0 122 

0 137 

0 144 

0 158 

0 107 

0 177 

0 187 


The curve with full data has breaks corresponding with 3 1,3 2, and 2 3 The 
hardness increases with increasing proportions of feme oxide The curve of the 
relative magnetic permeabilities has a small maximum with the 1 1 compound, 
and there is a break corresponding with the 1 2 compound E J Kohlmeyer, and 
M Feiser observed that the lead is less volatile than it is with litharge According 
to E J Kohlmeyer, the colour of all the mixtures m hydrogen darkens at 220° , and 
at 260° to 280° some metal is formed When heated m air or oxygen some red 
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lead is formed, and water extracts a little lead oxide , if exposed to air and water, 
a skin of basic lead carbonate is formed , boiling cone hydrochloric acid extracts 
the lead oxide , hydrogen sulphide blackens the moist powder , and mtnc acid 
extracts most of the lead but leaves a little behind as lead dioxide The lead ferntes 
are decomposed when heated with silica H Forestier observed no break m the 
dilation curve up to 600° , the Curie pomt is at 335°, and it is nearly reversible 
The relation between the strength of the magnetic field and the intensity ol magneti 
zation is shown in Eig 545 H Sachse studied the Curie point , and S Hilpert 
and co-workers, the magnetic properties A Serres studied the magnetic properties 
of lead fernte L J Igelstrom, and G Amrnoff described a mineral from the 
Jacobsberg min e, Nordmark, Wermland, Sweden He called it plumbofemte 
Its composition approximates Pb(Fe0 2 ) 2 ln which part of the lead is replaced by 
calcium, magnesium, manganese(ous), and iron(ous) It occurs m nearly black, 
cleavable masses, with a red streak, and a hardness of 5 K Johansson calculated 
from the analysis the formula (Pb,Mn,Fe)0 2Fe 2 0 3 The axial ratio of the hexagonal 
crystals is a c= 1 3 9719 , and the X-radiograms correspond with a hexagonal 
lattice ha ving a—11 86 A , and c = 47 14 A , or a c= 1 3 9747 There are 42 mols 

or 504 atoms m each elementary parallelopipedal 
cell The sp gr is 6 07 The mineral acts feebly 
on a magnet According to H Forestier and co- 
workers, the magnetization decreases as the temp 
rises, and disappears at the Curie pomt, the 
heating and cooling curves coincide, and the 
mean magnetic susceptibility is 1 2 X 10~ 3 mas* 
unit S Hilpert said that lead fernte prepared 
m the wet way is non-magnetic until fused The 
transformation point of lead fernte is near 200° 
A mixed lead and cupnc fernte is as strongly 
magnetic as pure cupnc ferrite if rapidly cooled 
Tj r "uc'n fr° m 1000°, but loses this property if slowly 

Molar percent re 2 0 3 cooled, or if melted at 1300° The permeability 

Fia 557 Freezing pomt Curve 18 res tored by heating to 900° and slowly cooling 
0^de? UreS H Sach8e > and S Hilpert studied the subject 

G Ammoff desenbed magneto-plumbite as a 
related mineral from Langban, Sweden It has a complex composition approxi- 
mating 2R0 3Fe 2 0 3 or 3R0 4Fe 2 0 3 — the X radiogram favours the former It 
occurs in black, acute, hexagonal pyramids with the axial ratio a c= 1 3 91 , 
the basal cleavage is perfect The X-radiogram indicates a holohedral, hexagonal 
crystal with a unit cell of dimensions a=606 A , and c=23 69 A , containing four 
mols 2RO 3Fe20 3 The streak of magnetofemte is brown , the sp gr , 5 517 , 
and the hardness, about 6 Unlike plumbofemte, magnetofemte is strongly 
magnetic K Johansson desenbed a mineral from Jacobsberg, Wermland, and 
he called it hhmatophamte It occurs in thin plates with a mica-like cleavage 
The mineral is dark reddish-brown , the powder is yellowish-red When m very 
thin plates, the colour by transmitted light is blood-red The analysis corresponds 
with lead chlorofemte, Pb(Cl,OH) 4PbO 2Fe 2 0 3 The tetragonal crystals have 
the axial ratio a c=l 1 95, and the X-radiogram shows that the lattice has 
a=7 801 A , and c=15 23 A , or a c=l 1 952 There are 3 mols in each 
parallelopipedal cell The sp gr is 7 70 , and the hardness, 2 to 3 

No chromic fernte has been prepared — vide ferrous chromite H Forestier 
and G Chaudron observed that the addition of chromic oxide to feme oxide lowers 
the transition pomt of feme oxide 230° when 40 per cent has been added, and there 
is no shairp break m the temperature-chromic oxide curve With high percentages 
of chromic oxide, the effect on the transition point is less Feme and chromic 
oxides are miscible in all proportions in agreement with the fact that the ratio of 
their mol vols is nearly unity H Forestier observed that the anomalies m the 
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dilation curves of different mixtures of chromic and feme oxides vary as shown in 
Fig 550 S HilpertandA Wille studied the subject The chromUUe of M Z Jovicic 
is a mineral from Western Siberia whose analysis corresponds approximately with 
Cr 2 0 3 Fe 2 0 3 , but the ferrous and feme iron were not separated in the analysis — 
mde chromite A Wolff prepared some ttmgstatofemtes — vide tungstates, 11 
62, 14 and 16 

J H Andrew and co-workers observed that manganous and ferrous oxides 
form solid soln , and P Oberhoffer and 0 von Keil made some determinations of 
the m p of mixtures of the oxides K List added alkali-lye to a mixed soln of 
equimolar proportions of manganous and feme chlorides and obtained a dark 
brown precipitate, which, after calcination, was regarded as a magnetic manganous 
femte, Mn(Fe0 2 ) 2 , but S Hilpert regarded it as a ferrous mangamte B Diep- 
schlag and E Horn, and 0 W Parmelee and co workers, observed that at a 
high temp , manganous and ferric oxides unite to form the femte E Wilson 
and E F Herroun studied the magnetic susceptibility of manganese femte 
A Damour described a black mineral, jacobsite, from Jaeobsberg, Wermland, 


,CiJ 0 5 10 15 20 25 30 35 
Per cent FeO 

'ig 558 — Freezing point 
Curves of Mixtures of 
Ferrous and Feme 
Oxides 


Sweden Analyses were reported by A Damour, C F Rammelsberg, 0 Lmd- 
strom, L J Igelstrom, G Flrnk, and F Kovar, and the results agree with 
(Mn,Fe)0 (Fe,Mn) 2 0 3 The distorted octahedral crystals belong to the cubic 
system K, Johansson gave MgFe 2 04+(Mn,Fe)Fe 2 0 4 /so ^ 

The X-radiograms of the cubic crystals indicate a lattice [/fF 

of side a~8 42 A , L Passenm gave a=8 515 A , and 
the lattice is of the magnetite type, with 8 mols, 150u~~^ 
(Mg,Mn)Fe 2 0 4 , per unit cell The sp gr is 4 76, 

L Passenm gave 4 436 S Holgersson gave for artificial 

Mn(Fe0 2 ) 2 , a=8 572 A , andG L Clark and co-workers, 'f u 0 

a— 8 457 A A Damour gave for the sp gr 4 75, and n r A 1111 TT 

for the hardness, 6 W Blitz and co-workers gave 47 3 0 5 JO 15 20 %>30 25 

for the mol vol, of which 13 3 belongs to the MnO, Per cent re. 

and 34*0 to Fe 2 0 3 H Forestier gave 54 X KH 5 for the Fig 558 — Free zing point 
magnetic susceptibility S Hilpert and A Wille studied Curves of Mixtures of 
the magnetic properties According to F A Genth, a 811(1 emc 

vanety of black Eisenmulm can be represented as a 

mangamferous magnetite, (Fe,Mn)0 Fe^s , its sp gr was 3 76 , and M Weibull, 
E Hugel, and A H Chester also desenbed mangamfeTous magnesian magnetites, 
(Fe,Mn,Mg)0 (Fe,Mn) 2 0 3 W M Bradley desenbed a mineral, skemmatlte, from 
Iva, South Carolina Its composition is 3Mn0 2 2Fe20 3 6H 2 0, and it is an 
alteration product of pyroxmangite, (Fe,Mn)Si0 3 Its hardness is 5 5 to 6 , and 
it is soluble in hydrochlonc acid P E Wretblad observed no sign of the 
formation of manganic femte, Mn 2 0 3 Fe 2 0 3 

For ferrous femte, Fe(Fe0 2 ) 2 , vide supra , magnetite, and feme oxide, and 
hy droxide According to S Hilpert, feme hydroxide prepared by oxid i zi n g freshly 
precipitated ferrous hydroxide with ammonium persulphate is non-magnetic, but if 
first oxidized by air to the Fe^-stage, the persulphate gives a highly magnetic 
product which becomes or dinar y feme oxide at 400° The feme hydroxide obtained 
by the action of air on ferrous carbonate is non-magnetic if rapidly prepared, but if 
oxidized slowly so that ferroso-femc oxide is first formed, the final product is 
magnetic The magnetic femtes all contain FegOg as an acid-fo rm i n g oxide, and it 
is probable that the magnetic feme oxides desenbed also retain the same constitu- 
tion 2(Fe0++2(Fe 2 0 3 )“+0=(Fe 2 0 3 + 2(Fe 2 0 3 )“‘, this molecular arrangement, 
however, being unstable, was changed on heating The results of E J Kohlmeyer 
are s ummariz ed in Fig 558, where there are indications of the formation of the 
ferrous femtes, FeO Fe 2 0 3 =l 1, 3 4, and 3 5-^inde supra, sohd soln of feme 


and ferrous oxides , and also ferrosic oxide 

Ferrous femtes can be obtained (l ) from orthohydroxide F Wohler, J Lefort, 
and L A Welo and 0 Baudisch obtained ferrous femte by treatmg a mixed soln of 
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ferrous and feme saits with alkali, A Krause and co workers by the action of an 
excess of ammonia on a mixture of peptized yellow ferric metahydroxide m 
0 Oltf-HCl and ferrous chloride at 18° , and E Deiss and G Schikorr obtained it 
by mixing hydTOsols of ferrous hydroxide and feme orthohydroxide The product 
is brownish-black The ferrous femtes can also be obtained (n) from metahydroxide 
J Liebig and E Wohler, and R Bottger obtained ferrous femte by treating a soln 
of a ferrous salt with alkah-lye, and oxidizing the boiling mixture with oxygen , 
and A Krause and co-workers, by treatmg a mixed soln of ferrous and feme 
chlorides with an excess of aq ammonia at 18° , and E Kaufmann and F Haber, 
by treating a soln of ferrous sulphate with ammonia, and oxidizing the boiling 
mix ture with sodium nitrate The product is deep black with a bluish streak 
A Krause and J Tulecki found that the ferrite prepared from the orthohydroxide 
is more hydrated than the other femte The femte obtained from the meta- 
hydroxide, unlik e that from the orthohydroxide, is stable m air and not readily 
oxidized The femte from the metahydroxide contains rather more ferrous iron 
than that from the orthohydroxide The preparation richest in ferrous iron had 
the composition FeO Fe 2 0 3 H 2 0=1 1 13 0 54, or Fe"(Fe"' 0 2 )2 wH 2 0 Both 
types are ferromagnetic W Blitz and co woikers gave 45 1 foi the mol vol 
of ferrous femte, and of this, 12 0 belongs to the FeO, and 33 1 to the Fe 2 0 3 
T F W Barth and E Posnjak discussed the titanium salt, EeTiFe0 4 , or 
Ti(Fe0 2 ) 2 — titanium femte E J Kohlmeyer also reported a lead ferrous 
femte, PbO FeO 4 Fe 2 O s For ferric orthofernte, Fe(Fe0 3 ), see magnetic ferric 
oxide H Forestier and G Chaudron found the mean magnetic susceptibility to 
be 80xl0~ 3 mass unit S Hilpert’ s product was obtained by precipitating a 
soln of a mixture of ferrous and ferric salts with soda- 1 } e The black precipitate 
becomes red when ealemed in air, and its magnetic transformation point is 525° 
According to S Hilpert, if a colloidal soln obtained by treating an aq soln 
of cobaltous nitrate and feme chloride with jV-NaOH is treated with ammonia, 
the precipitated cobaltous femte, Co(Fe0 2 ) 2 , is distinctly magnetic S Hilpert 
and A Wille studied the magnetic properties The amorphous black powder when 
dried and heated to 280° to 290° loses its magnetic properties, but they are restored 
on cooling S Holgersson found the spinel like crystals had the lattice parameter 
a =8 359 A , G Natta and L Passenm gave a =8 36 A , the vol , 584 X 10 ~ 24 c c , 
and sp gr 5 19 SB Hendricks and W H Albrecht ga\e a = 8 35 A , and sp gr 
5 5 R J Elliot obtained cobaltous fernte by ]omt precipitation, with ammonia, 
from a mixed soln of cobaltous and feme salts and heating the mixture m a 
crucible The sp gr is 4 82 at 10° W Blitz and co-workers gave 44 5 for the 
mol vol , of which 11 7 belongs to the CoO, and 32 8 to the Fe 2 0 3 When heated 
m a current of hydrogen sulphide, it forms a magnetic sulphide S Veil observed 
that the magnetization coeff of the ferrites are more than 1000 times as great 
as those of the pure constituents There is a maximum m the magnetization 
coeff of calcined mixtures of the constituent oxides of cobalt femte corresponding 
with that of the pure femte E V Shannon discussed the formation of ferro- 
magnetic cobalt femte S B Hendricks andW H Albrecht found that the 
X-radiograms of cobalt femte prepared by adding a mixed soln of cobalt chloride 
and ferrous ammonium sulphate to boiling sodium hydroxide, are analogous to 
those of C 03 O 4 and Fes0 4 Cobalt fernte is paramagnetic The compound cannot 
be completely dehydrated at 100°, the ret, dual water being merely adsorbed The 
magnetic susceptibility of preparations oxidized in varying degree indicates an 
increase of this property with diminishing content of Co 2 0 3 2Fe 2 0 3 , the value for 
the homogeneous material being 45*6 x 10~ 6 mass unit The oxidized product 
exhibits the same Xrray spectrum as the oxide, CoO Fe 2 0 3 , but the lines are less 
sharply defined When the substance is heated, the lines become more distinct 
and completelyidentical with those of the lower oxide if the temp has been raised 
above 250° The magnetic properties* were examined by 8 Hilpert, P Martin, 
8 Veil, and E F Herroun and E Wilson S B Hendricks and W H Albrecht 
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prepared what may be cobaltic femte, Co 2 0 3 Fe 2 0 3 , m the homogeneous state, by 
adding potassium persulphate to the soln employed for making cobaltous ferritp 
H Forestier and G Ohaudron prepared mckelous femte, Ni(Fe0 2 ) 2 , by addirig 
alkah lye to a mixed soln of mckelous and ferric chlorides, and heating the pre- 
cipitate to redness L Passenm found that the space-lattice of the cubic spmel 
has the side 8 340 A , the vol 580 09 x 10~ 24 c c , and sp gr 5 268 H Forestier 
said that the salt has a spmel lattice W Blitz and co-workers gave 44 7 for the 
mol vol , of which 11 0 belongs to the NiO, and 33 7 to the Fe 2 0 3 J A Hedvall, 
K List, and S Holgersson prepared brown magnetic mckel femte m a similar 
manner H Forestier and G Ohaudron found that its mean magnetic suscepti- 
bility is 78 X 10 -3 mass unit , and its magnetic transition point is 590° H Forestier 
observed a break m the dilation curve near 590°, and the Cune point is about the 
same temp The relation between the strength of the magnetic field and the 
intensity of magnetization is shown m Fig 545 Nickel femte is stable at a high 
temp A Serres, and H Sachse also studied the Cune point, and S Hilpert and 
A Wille, the magnetic properties S Veil obtained results with the magnetization 
coefi of mckel fernte similar to those which she obtamed with cobalt ferrite 
W Stahl, and A Serres studied the mckel femtes A F Grosse described a 
black mckel magnetite which was called trevonte Analyses by A F Grosse, and 
T L Walker correspond with Ni(Fe0 2 ) 2 E V Shannon discussed the formation 
of ferromagnetic trevonte Its sp gr is 5 165, and its hardness 5 

Higher oxides than feme oxide have been assumed to exist Thus, C Zimmer- 
mann 2 explamed the reaction between potassium permanganate and ferrous chlonde 
m the presence of hydrochloric acid on the assumption that a higher iron oxide 
was formed , J Brode, the action of hydrogen dioxide on a soln of ferric chlonde , 
A Bach, the action of air on iron , and C W Bennett and W S Burnham, and 
W D Bancroft, the action of mtnc acid on iron Although the oxide with quadri- 
valent iron, iron dioxide, Fe0 2 , has not been prepared, some salts — perfemtes 
— supposed to contain this oxide as an acid anhydride have been reported by 
L Moser and H Borck According to G Pellim and D Meneg him , when hydrogen 
dioxide acts on ferrous or feme chloride, or on ferrous or ferric hydroxide, there 
is formed a very unstable, pale red substance resembling colloidal feme hydroxide, 
but having the properties of a true peroxide The composition could not be 
established with certainty, but experiments show that the ratio Fe O is not less 
than 2 and not greater than 3 It is thought that the product is iron pei oxide, 
0=Fe-0-0~Fe O, or 


They also found that an alcoholic soln of ferrous chlonde exhibits a yellowish-green 
coloration, the intensity of which is only shghtly diminished by intense cold , with 
feme chlonde, the soln has a yellowish-brown colour, which fades appreciably on 
cooling The soln of the ferrous salt reacts energetically with hydrogen dioxide, 
developmg a considerable amount of heat and an intense brown coloration, which 
is not sensibly lightened by cooling , the soln of the feme salt reacts feebly 
with hydrogen dioxide, the liquid obtamed not differing appreciably from the 
original soln , and losing its colour m the same way on cooling This behaviour 
indicates that some sort of chemical combination takes place between the ferrous 
salt and hydrogen dioxide, whilst with ferric chlonde such combmation takes place 
either not at all or only extremely slowly W Manchot and F Glaser supposed 
that the dioxide is formed when ferrous compounds are oxidized with free oxygen , 
L Losana, as ferrous ferrate, Fe(Fe0 4 ), when banum ferrate is treated with a soln 
of ferrous nitrate , and C A 0 Rosell, when banum ferrate is treated with a soln 
of ferric chloride In connection with the ferrates obtained by L Losana — vide 
infra — ferrous ferrate, Fe(Fe0 4 ), has the ultimate composition Fe0 2 , and feme 
ferrate, Fe 2 (Fe0 4 ) 3 , the ultimate composition Fe 5 0 12 
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According to L Moser and H Borck, if a mixture of cone soln of a mol of feme 
nitrate and 1 to 2 mols of strontium nitrate be evaporated to dryness, and the 
finely powdered residue heated to a temp not exceeding 600°, in a current of oxygen, 
until all the nitrogen oxides are expelled, a compound is obtained whose com 
position corresponds with strontium perfemte, SrO Fe0 2 , or SrFe0 8 , and not with 
2 Si 0 2 Fe 2 0 3 A hydrated product is obtained as a yellowish-brown precipitate 
on warming on a water-bath for some time a suspension of freshly precipitated 
feme hydroxide m a cone soln of strontium hydi oxide When heated, it loses 

water and becomes brown, and at temp exceeding 300°, it absorbs oxygen to form 
SrO Fe0 2 It can also be obtained by oxidizing a mixture of freshly precipitated 
feme hydroxide and a cone soln of, say, lithium hydroxide, with bromine, and 
also by heating the ferrate until the oxygen is evolved, and then heating the brown 
product m air or oxygen so as to re oxidize it to perfemte The salt was also 
prepared by W EidmannandL Moser, andK Albert and H Schulz recommended 
it as a catalyst for the oxidation of sulphur dioxide L Moser and H Borck 
prepared banum perfemte, BaFe0 3 , by heating to 400°, m a current of oxygen, a 
mixture of banum and feme hydroxides , and it was studied by L Losana Impure 
lithium perfemte, Li 2 Fe0 8 , was prepared by L Moser and H Borck, by oxidizing a 
mixture of lithium and ferric hydroxides with bromine If a mixture of barium or 
sodium and feme hydroxides be oxidized with bromine, the perferntes arc produced 
These perferntes are black substances which are stable below 640°, but beyond 
that temp they decompose slowly with the evolution of oxygen , the reaction 
4SrFe0 3 v^4Sr0+2Fe 2 0 8 +02 is reversible The perferntes are slowly decom- 
posed by water with the evolution of oxygen 4SrFeO 3 +10H 2 O=4Sr(OH) 2 
+4Fe(0H) 3 +0 2 , there is a violent reaction with hydrogen dioxide 4SrFeO a 
+2H 2 0 2 + 8H 2 0=4Sr(0H) 2 +4Fe(0H) 3 +20 2 , with hydrochloric acid, both 
chlorine and oxygen are evolved 2SrFeO 8 +10HCl=2SrCl 2 +2FeCl 3 -f5H 2 O-fO, 
and O +2HC1=H 2 0 + Cl 2 It can be assumed that an unstable iron tetrachloride, 
FeCl 4 , is formed 2SrFe0 3 +12HCl=2SrCl 2 +2FeCl 4 +6H 2 0 followed by 2FeCl 4 
=2FeCl s +Cl 2 , with sulphuric acid, oxygen is evolved, 4SrFe0 3 +10H 2 S0 4 
=4SrS0 4 +2Fe 2 (S0 4 ) 3 + 10H 2 O + 0 2 , with mtnc acid, oxygon is vigorously evolved 
and nitrates are formed, with acetic acid, acetates are formed and oxygen is 
evolved. , with oxalic acid, oxygen and carbon dioxide are formed , there is no 
perceptible reaction with dry carbon dioxide at ordinary temp , but at a red heat, 
the perfemte is completely decomposed , thus, at 600° to 700° the reaction is 
symbolized 4SrFe0 3 +4C0 2 ^4SrC0 3 +2Fe 2 0 3 +02, and. the reaction is reversible, 
but there aie side reactions SrC0 8 ^Sr0+C0 2 , and 6Fe 2 0 8 =4Fe 8 0 4 +0 2 , moist 
carbon dioxide slowly decomposes the perfemte at ordmary temp , and mixtures 
of air and alcohol or other inflammable vapours, when led over the heated perfemte, 
are oxidized to water- and carbon dioxide, and when once the combination has 
started, combustion proceeds of its own accord The perferntes are fairly stable 
towards alkaline liqmds , thus soln of the alkali or alkaline earth hydroxides decom- 
pose the perfemte less and less with increasing concentration , similarly also with 
soln of alkali carbonates and phosphates 

W Manchot and O Wilhelms inferred that in the liberation of iodine from 
potassium iodide by hydrogen dioxide in the presence of a ferrous salt, the iron 
does not act catalytically but is itself oxidized m such a way that every 2 atoms of 
ferrous iron require 2 mols of hydrogen dioxide, and 2 atoms of iodine are liberated 
Allowing for the oxidation of ferrous to feme iron, this means that an iron peroxide 
— iron hemipentoxide, FegOg, or iron pentiodide, Fel 6 — is formed Again, if half 
a mol of hydrogen dioxide be added to a soln of a mol of ferrous sulphate, the 
whole of the latter is oxidized to feme sulphate , but if a mol of ferrous sulphate 
soln be added to a soln of 0 5 mol to 1 4 mols of hydrogen dioxide, both ferrous 
and feme salts exist side by side — particularly at 0° — and varying quantities of 
oxygen are evolved With a mol of ferrous salt and 1 5 mols of hydrogen dioxide 
at 0°, between 1 and 1 £ mols of hydrogen dioxide are consumed, corresponding, as 
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before, with the formation of iron hemipentoxide In acidic soln , the interaction 
of ferrons salts, hydrogen dioxide, and potassium iodide is more complex, the iodine 
being liberated more slowly , the iron here acts catalytically, and there is no well- 
defined end-point of the action The addition of dil sulphuric acid to a soln of 
hydrogen dioxide containing sufficient feme ammonium sulphate to destroy the 
whole of the dioxide m about 70 hrs , practically prevented the iron from changing 
the cone of the soln Acid also retards the oxidation of ferrous salts by hydrogen 
dioxide and the addition of oxygen (or hydrogen dioxide) to feme salts Feme 
salts destroy hydrogen dioxide more slowly than do ferrous salts W Manchot 
also drew similar conclusions from the action of hydrogen dioxide, potassium per- 
manganate and chromic acid on a ferrous compound in the presence of an acceptor , 
and N R Dhar, for the induced oxidation of sodium formate The reactions were 
studied by A K Goard and E K Rideal, R Kuhn and A Wassermann, C S Mum- 
mery, W Manchot and G Lehmann, and H Wieland and W Franke 
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§ 34 Iron Tnoxide — Feme Acid and the Ferrates 

G E Stahl, 1 in his Specimene Bechenano (Franckfuxth, 1702), said that when 
iron is heated with nitre, and the product digested with water, the alkali produced 
by the decomposition of the nitre takes up some iron to form an amethyst or purple 
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930 


INORGANIC AND THEORETICAL CHEMISTRY 


soln Again, if a very dil soln of non m nitric acid be pouied by small portions 
at a time into cone potash lye, and the liquid be agitated, the iron dissolves to 
form a blood-red soln According to C Neumann, 

A mixture of equal paits of iron filings and nitie, injected mto a ationgly heated crucible 
uid, after detonation thrown into water, tinges the liquor of a violet or purple blue colour 
Phis soln , howevei, is not permanent Though the liquor at first passes through a filtei 
w ithout any separation of iron, yet, on standing for a few hours, tho metal falls to the bottom 
in the form of a bnck coloured powder It is pretty singular, that volatile alkalies instantly 
precipitate the iron fxom this fixed alkaline soln 

A G Ekeberg also observ cd that whui gadohmte is fuse d with potassium hydroxide, 
a dark red soln is obtained which, on standing, deposits i brick-red precipitate, 
and he added that the red colour is not due to manganese , for the alkali hydroxide 
can dissolve iron, producing a beautiful purple colour A 0 Becquerel found that 
when ferric oxide is heated with 4 to 6 times its weight of potassium hydroxide m a 
silver crucible, some feme oxide dissolves, but separates out again with the simul 
taneous evolution of oxygen when the product is dissoh ed m water The escape 
of oxygen was attributed to the decomposition of potassium peroxide formed in 
the reaction R Phillips discussed feme acid m 1843, and E Frem\ , m his 
R echerches sur les acids metalhques , 1844, showed that a salt of a ferric acid, or of 
iron tnoxide, Fe0 3 , is formed and decomposed in A C Becqueiel’s experiment 
Attempts to prepare the tnoxide have not been successful , it is, however, con- 
sidered to be the anhydride— /erne anhydride — of feme acid, H 2 Fe0 4 , a reputed 
parent of a senes of salts formed by the union of this dibasic acid with the basic 
oades The salts are called ferrates, and are symboh/ed R 2 'Fe0 4 W Manchot 
and 0 Wilhelms assumed that this oxide is formed as an intermediate product m 
the oxidation of a fenous salt with hypochlorous acid , and the subject was dis- 
cussed by W D Bancroft D R Hale supposed that Fe0 3 is foimed as an inter- 
mediate compound when hydrogen dioxide or potassium permanganate acts on 
neutral soln of a ferrous salt , and that Fe 2 0 4 is the intermediate oxide formed 
when ox} gen actb on ferrous iron m alt aline soln J W Retgcrs experiments on 
the solid soln , or lsomoiphous mixtures formed by potassium ferrate axe in harmony 
m that definite ferrates are foimed These formulae aie also m accord with the 
analyses of E Frcm> , T D Smith, H Ro^e , and J de Mollms 

According to E Fruny, if a fiiecla} crucible containing 5 gims of non filings 
be heated to redness, and 10 gims of the powder of fused potassium nitrate be 
projected therein, a In ely reaction occuis, and a portion of the mixture may be 
throw n out of the c ruciblc The cov ered crucible is then allowed to cool A reddish- 
\ lolet mass of potassium ferrate, K 2 Fe0 4 , is formed H Trommsdorff recommended 
projecting a mixture' of finely divided ironanu mtie, m the pi oportions 1 2, mto a 
ciuciblc at a dull u el-hcat If the temp is too high, the feuate may be decomposed 
as List as it is foi mod H W F Wackenrodei said that if the < iucible be too hot, 
flic mtu fuses without <h flagrating, and the mass must then be pouted mto an iron 
moitai, powdered inel again pi ejected into tho crucible The crucible should be 
so heated that it is perceptibly red only at the bottom and a few inches up the 
sides, and the mixture piojected into the middle and somewhat to the side The 
deflagration occurs in a few seconds, it is attended by i bright glow, and an 
intumescence of the mass The crucible is removed from the fire during or rna 
mediately after the deflagration The product is contaminated with alkali nitrite 
so that the led soln it forms with water, cjuiekly loses its coloui owing to the 
reduction of the ferrate E Fremy found that the reddish biown, highly 
deliquescent mass which is obtained by heatmg feme oxide foi a considerable 
lime with potassium h\ dioxide, contains the fezrate , but it is best prepared by 
stiongly igniting i nuxtuu of feme oxide, and potassium mtiate and hydroxide foi 
some minutes If the htat is too low, potassium nitrite remains unde composed, 
md then, on the addition of water, the ferrate is zedneed to ft me oxide A W Hof 
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mann used a similar process I D Smith recommended the following mode of 
preparation He said 

Wash the fetri sesquioxtdum of the shops with boiling water until free from sulphate 
of soda dry and ignite at a low red heat this furnishes a very pure oxide of iron and m a 
state of minute division 1 part of this is to be intimately mixed with 4 of dried nitre 
reduced to fine powder place this mixture m a crucible of about twice the capacity of the 
bulk of the mix true lute a well fitting cover on, making a few small holes m the lute to 
allow the escape of gas and ignite at a full red heat for about an hour, if 6 or 8 ounces 
are made the time of ignition depends much on the quantity prepared, and the tempera 
ture should nevei be raised above a full red heat When well prepared it presents the 
appearance of a dark reddish brown porous mass, rapidly deliquescing on exposure to the 
air, so that I have found it advantageous to powder it whilst still warm, when it may be 
preseived for use, in a well stoppered bottle, apparently for any length of time 

A soln of potassium feirate is formed by dissoh mg the dry salt m ice cold 
water , some heat is developed m the act of soln , and there is alwa'y s a slight de- 
composition and an e\ olution of oxygen, owing, said D Smith, to the decomposition 
of potassium peroxide The soln must be separated from the undissohed portion 
by subsidence and decantation, not by filtration through filter-paper E Fremy 
obtained a soln of the salt by passing chlorine through cone potash-bye m which 
feme oxide is suspended, until the oxide is all dissoh ed, to form a red soln 
of potassium ferrate Fe 2 0 3 3H 2 O+10KOH+3Cl2=6KCl+8H 2 O+2K2FeO4 
H W F Wackenrcder said that 5 parts of hydrated feme oxide dried between 
bibulous paper, 10 parts of potassium hydroxide, and 16 parts of water can he used 
The hydrated oxide quickly dissolves as chlorine is passed into the liquid There is 
a gradual rise m temp , and potassium chlorate is deposited by the cooling liquid 
If too much water, or too much hydrated ferric oxide he used, the liquid remains 
colourless , and H Rose added that if an excess of chlorine is used, the ferrate will 
be decomposed L Losana, C A 0 Rosell, G- Merz, and L E Rivot and 
co workers also used chlorine as the oxidizing agent , A Mailfert said that the 
chlonne can he replaced by ozone , A Mennet, M Muspratt and E S Smith, 
G Blattner, and W Foster used calcium or sodium hypochlorite , D K Goralevich, 
potassium nitrate , C L Bloxam, and C A 0 Rosell, bromine — iodine did not 
work satisfactorily , and W Foster, hypobromite According to H G Elledge, the 
red colour with some hypochlorite soln is not due to alkali ferrate, but to per- 
manganate L Moser recommended the following process 

Gradually add 50 grins of bro min e to a suspension of 80 to 90 grins of hydrated feme 
oxide m a cooled soln of 50 grins of potassium hydroxide in 80 grins of water , more 
potassium hydroxide is then added, and the mixture kept at 50° to 60° for 30 mins The 
ferrate from the cold soln is drained on a tile and the excess of alkali removed by alcohol 
The potassium bromide is then removed by dissolving the product m a little water, and 
re precipitating it with alcohol 

F Haber and W Pick observed that soln of ferrous and ferric salts are readily 
oxidized to ferrate by electrolytic oxygen J C Poggendorff passed a current of 
electricity from 6 pairs of Grove’s batteries for 24 hrs through an anode of cast- 
iron into a sat soln of potassium hydroxide containing a clay cylinder with the 
platinum cathode The whole is cooled by ice H Rose said that the preparation 
is less stable if dil potash lye be employed No oxygen is evolved about the 
anode excepting just at the beginning or end of the electrolysis If the current be 
long continued, microscopic crystals of potassium ferrate may be deposited on the 
iron anode, and a little iron may collect on the platinum cathode F Haber and 
W Pick found that immediately after closmg the circuit, all varieties of iron are 
oxidized to ferrate, and that the action is continuous provided a cone soln of 
alkali-lye and a low current density — say, 0 001 amp per cm — be employed The 
yield of ferrate is greatest with cast iron and smallest with wrought iron , it is also 
greater with sodium than with potassium hydroxide, possibly on account of the 
greater solubility of sodium ferrate The quantity of ferrate reduced at the cathode 
of platinum wire, m a cell without a diaphragm, is comparatively trifling The 
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yield of lerrate depends on the temp , so that undei comparable conditions, traces 
only of ferrate were formed at 0°, whilst at 70°, the current efficiency was almost 
100 per cent According to W Pick, when iron, especially one of the purer kinds, 
is used as anode m a soln of an alkali hydroxide, a temporary formation of ferrate 
occurs , by reversing the current for a short time after the formation of ferrate 
has ceased, the iron returns to the condition m which it can be oxidized to ferrate, 
and after several repetitions of the treatment this condition becomes permanent 
The same result is obtamed by using the iron as anode m a cone soln of an alkali 
hydroxide and passing a \ ery small current for some time The iron is found to 
be covered by a dark grey skin which prevents atm oxidation G Grube and 
H Grnekn found that increasing the temp and cone of the soda-lye increases the 
yield , and that by increasing the current density, the yield rises to a maximum, 
and then falls with any further increase m the current density The current-yield 
of sodium ferrate can be considerably increased by superimposing an alternating 
current over the direct current The increase in the yield for constant direct current 
reaches a maximum for a definite alternating current density Using as electrolyte 
40 per cent sodium hydroxide with an iron anode and a platinum cathode, and 
electrolyzing at 35° with a direct current of 3 33 amps per sq dem and an alternating 
current of 5 0 amps per sq dem , anmerease of 160 per cent m the yield of sodium 
ferrate is obtained In the preparation of cone soln of ferrates, the anode and 
cathode should be separated, and since ferrates lose oxygen at 50°, and yield a 
precipitate of hydrated oxide, this temp must not be exceeded m the preparation, 
and the velocity of formation must be increased by imposmg an alternating current 
on the direct current In this way undecomposed sat soln and the crystalline 
salts may be obtained The oxidation potential for the conversion of a ferrite to a 
ferrate is 0 78 volt at 20° to 70° , and the potential of cone alkah-lye towards 
active iron is —0 6 volt G Grube and H Gmelin also observed that the anodic 
dissolution of iron m cone soln of soda lye, at a high temp , occurs in two stages , 
m the first stage, iron dissolves m the bivalent condition , and m the second stage, 
the iron m soln passes into the sexivalent condition as ferrate with the simultaneous 
evolution of oxygen Nowhere does the iron pass into soln m the tervalent state — 
vide sodium ferrite In a 40 pel cent soln of sodium hydroxide, the equilibrium 
potential of the process Fe+2©^Fe lies at e H —0 86 volt , that of the process 
Fe +0^Fe at € H — 0 69 volt , and that of the process Fe +30v*Fe at 
€ h +0 55 volt Hence, the potential of the reaction Fe+3©^Fe is —0 80 volt , 
and that of the reaction Fe+6©=^=Fe is —0 13 volt 

According to L Moser, potassium ferrate forms a reddish-black powder 
P Niggli and W Nowaski discussed the crystal structure of the ferrates 

J W Retgers added that a soln 
of the ferrate can be kept some 
days without decomposition, and 
that it may be crystallized at a 
gentle heat in black, microscopic, 
rhombic prisms or pyramids, it 
forms solid soln with potassium 
sulphate, selenate, chromate, tung- 
state, and molybdate, and it is 
therefore isomorphous with these 
salts , but no isomorphous mix- 
tures could be obtamed with potassium teiluiate The solid soln with potas- 
sium chromate range m colour from pink through dark red to dark brown 
V L Bohnson and A C Robertson found that the energy of formation of the 
ferrate ion, Fe0 4 ", is near —140,000 cals V L Bounson and A 0 Robertson 
measured the absorption spectra of soln of potassium and barium ferrates, and 
the results are summarized in Fig 559 The absorption spectrum was examined 
by E Baschien, and E Hardtmann L Moser found that when potassium 
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ferrate is ignited, it loses oxygen and passes into green ferrite, which is very 
deliquescent, and, on exposure to air, rapidly oxidises into potassium hydroxide, 
and hydrated ferric oxide 0 Lieblmecht and A P Wills said that potassium 
ferrate is paramagnetic, and he measured the susceptibility of the aq soln 

Potassium ferrate is very soluble m water, and the aq soln is deep red 
E Fremy, and J D Smith found that an aq soln of potassium ferrate is of a deep 
amethyst red or cherry-red and that it is pervious to light only when it is in thm 
strata The aq soln , on standing for some time, loses its colour, gives off oxygen, 
and deposits hydrated ferric oxide L Moser found that alkali ferrate hydrolyzes 
m aq soln , 2Na2Fe0 4 +5H 2 0^4Na0H+2Fe(0H) 3 +30 This decomposition is 
faster with the more dil soln , and when the temp is raised A cone soln may 
be kept m closed vessels for several months without complete decomposition, and 
when e\ aporated, it leaves a reddish residue In some cases, ihe cone soln can 
be boiled without decomposition, but it afterwards deposits hydrated feme oxide 
more quickly than if it had not been boiled The dilution of the soln of the ferrate 
with various alkali salts makes the soln more stable than if it is diluted with water 
H Bose, and C A 0 Eosell observed that if the decomposed soln , after the deposi- 
tion of hydrated feme oxide, is green, some manganese salt is present, probably 
derived from the iron employed in the preparation of the salt, the green colour is 
not due to the presence of ferrous iron, as was thought to be the case by J D Smith 
0 Kassner said that the addition of sodium peroxide to the aq soln precipitates 
feme hydroxide The ferrate is quickly decomposed by reducing agents 
C A 0 Eosell said that m their oxidizing properties, the ferrates resemble the 
manganates more closely than the chromates E Fremy, and J D Smith found that 
hydrochloric acid forms a double potassium feme chloride with the evolution of 
chlorine, while with a smaller quantity of acid, hydrated feme oxide is precipitated 
H Eose, and H W F Wackenroder found that by treatmg the soln with hydrogen 
sulphide, dark green or black iron sulphide is formed The green soln reported by 
E Fremy is, according to C A 0 Eosell, produced by manganese present as 
impurity L Moser said that potassium ferrate is converted by alkali sulphides 
into a green substance, possibly a sulphoferrate H Eose observed that sulphurous 
acid foims potassium sulphate and hydrated ferric oxide , and E Fremy, that 
sulphuric acid forms potassium feme sulphate with the liberation of oxygen 
H Eose, and H W F Wackenroder observed that ammonia, and all ammonium 
salts decompose the ferrate because the ammonia which is evolved reduces the feme 
acid to ferric oxide C A 0 Eosell made a similar observation with respect to the 
oxidation of ammonia by the ferrates C A 0 Eosell found that the nitrites are 
readily oxidized by ferrates E Fremy found that nitric acid forms potassium 
feme nitrate with the hberation of oxygen 

According to E Fremy, all organic substances reduce the ferrate so that the 
soln cannot be filtered through paper without decomposition, and L Moser 
observed that paper, wood, and other organic substances are slowly oxidized by a 
dilute soln of potassium ferrate, bi#t the action is slower than with potassium 
permanganate Potassium ferrate is insoluble in ether, and in chloroform 
L Moser observed that alcohol can have up to 20 per cent of water without 
exercising any solvent action, or without decomposing potassium ferrate Alcohol 
precipitates potassium ferrate from its aq soln H Eose found that alcohol 
is oxidized to aldehyde , while sugar decolorizes the soln quickly with the piecipi 
tation of hydrated feme oxide, and egg-albumin decolorizes the soln without 
precipitation H W F Wackenroder found that the soln of ferrate is decolorized 
by potassium ferrocyahide , and H Eose, that alkali racemates, tartrates, and 
malates quickly decolorize the soln without precipitating hydrated ferric oxide , 
alkali citrates act slowly with the occasional precipitation of hydrated feme oxide 
while potassium oxalate, formate, acetate, and benzoate decolorize the liquid 
as slowly as the inorganic salts of potassium , and potassium succinate acts still 
more slowly C A 0 Eosell found that the ferrates readily oxidize tartrates, and 
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glycerol , and also oxalates, alcohol, and urea, as well ss most soluble organic 
compounds with the exception of acetates J I) Smith observed that when the 
soln is treated with a anc salt, oxygen is slowly evolved with nickel salts and 
manganese salts, the peroxides are precipitated , L Moser found that silver nitrate 
gives a precipitate, probably silver femte, and oxygen is given off , and similarly 
with mercuric chloride, and with copper sulphate , while H W F Wackenroder 
showed that alum, and the heavy metal salts decolorize the liquid, and the metal 
base is precipitated along with hjdrated ferric oxide — vide infra 

According to L Moser and co workers, when barium ferrate is digested with 
alkali carbonate, a soln of the alkali ferrate is formed, and m this way, rubidium 
ferrate, Rb 2 Fe0 4 , and caesium ferrate, Cs 2 Fe0 4 , were produced W Eidmann and 
L Moser recommended strontium ferrate m place of the barium salt E Fremy 
found that sodium ferrate, Na 2 Pe0 4 , can be prepared by the methods used for the 
potassium salt [q v ) , C A 0 Rosell could not prepare the sodium salt in the dry 
way by calcining ferric oxide with sodium hydroxide, carbonate and nitrate, and 
with mixtures of sodium hydroxide and nitrate, and also with sodium nitrate and 
carbonate , but it was obtained by heating ferric oxide with sodium dioxide, and, 
by treating the cold mass with ice, instead of water, a soln of sodium ferrate was 
obtained A soln of this salt was also prepared by the action of chlonne on soda 
lye holding hydrated ferric oxide in suspension The salt was also prepared by 
T d’Ans and J Loffler T Wallace and A Fleck, and C Zengdis and S Horsch 
passed carbon dioxide over a mixture of sodium dioxide and finely-divided iron , 
and A Holt obtained the ferrate by the action of sodium hydroxide on ferric oxide 
The treatment of barium ferrate with lithium carbonate furmshes lithium ferrate, 
Li 2 Fe0 4 W Eidmann and L Moser recommended strontium ferrate in place of 
the barium salt 

L Losana prepared copper ferrate, CuFe0 4 H 2 0, by the action of copper 
nitrate on barium ferrate, suspended in water, washing the green powder with 
water, and drying it over sulphuric acid The salt decomposes m vacuo over 
sulphuric acid, so that the anhydrous salt was not obtained The salt begins to 
decompose when heated to about 50°, giving off water and oxygen The reaction 
K 2 Fe0 4 +2AgN03=2KN03+Ag 2 Fe0 4 , is not suitable for the preparation of silver 
ferrate, Ag 2 Fe0 4 , but if banum ferrate, suspended in water, be treated with silver 
nitrate, silver ferrate is produced as a black powder with a pink roflexion It can 
be washed and dried at 15° over sulphuric acid When heated to 30°, the salt 
begins to decompose m accord with 4 Ag 2 Fe 0 4 = 4 Ag 2 0 + 2Fe 2 0 8 + 3 0 2 

When a soln of potassium ferrate is treated with an excess of a dll soln of a 
banum salt, J D Smith, and L Losana found that a bulky, carmine red precipitate 
of banum ferrate, BaFe0 4 H 2 0, is formed The precipitate is washed, and 
dned over sulphuric acid, or at 100° The precipitate when fresh is cochmeal-red, 
but after washing and drying, it is bnck-red C L Bloxam prepared banum 
ferrate as a purple precipitate by adding banum chlonde to a soln of the calcium 
ferrate , by C A 0 Rosell, by adding bsgium carbonate to a soln of sodium 
ferrate , and J A Hedvall and N von Zweigbergh, by the action of banum 
peroxide on feme oxide J D Smith said that when banum ferrate is heated, it 
loses water and turns green, and at a higher temp , it gives off oxygen and loses its 
colour L Losana found that the salt begins to lose weight at 105° The losses m 
weight of two grains of the salt, after heating it to different temp , was as follows 
(the time in hours is indicated in brackets) 

50 ° 100 ° 105 ° 108 * 

Weight 2 0000 2 0002 (4) 1 9988 (6) 1 8772 (26) grins 

116 * 128 144 * 160 ° 

Weight 1 8772 (3) 1 7684 (3) 1 7004 (3) 1 7002 (3) grins 

This is the only ferrate examined which did not lose oxygen continuously, so that 
the decomposition 4BaFe0 4 =4Ba0+2Fe20 3 +30 2 is thought to proceed md 
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the formation of BaFeOg as an intermediate compound The anhydride can also 
be obtamed by gently heating the hydrate , but the hydrate is stable over cone 
sulphuric acid m vacuo Barium ferrate was said by C A 0 Rosell, J D Smith, 
and H W F Wackenroder to be insoluble m water, and before drying to be readily 
decomposed by all the acids, even carbonic acid , but after drying it is not so easily 
acted upon E Fremy stated that barium ferrate is one of the most stable salts of 
the series It can be suspended in water, and boiled without decomposition 
A Baschien found that dil hydrochloric acid, of sp gr 1 09, decomposes barium 
ferrate with the formation of feme and banum chlorides, and the evolution of 
chlorine , with more dil hydrochloric acid, in the cold there is a vigorous evolution 
of chlorine, the precipitate gradually disappears, and the soln assumes a vermilion 
colour , this liquid continues to evolve chlorine for about a day and slowly turns 
colourless The vermilion colour of the soln is due, not to the intermediate forma- 
tion of a chloroferrate, but to the presence of the ion Fe0 4 " J de Molh ns found 
that the reaction 2BaFe0 4 +8KI+16HCl=2BaCl2+2FeCl 2 +8KCl+8H 2 0+4l 2 is 
quantitative A Baschien found that barium ferrate is not decomposed b} dil 
sulphuric acid, but decomposition mcreases as the temp rises unt il it becomes 
complete in the boiling acid The action of sulphunc acid was also discussed by 
H W F Wackenroder, and J D Smith A Baschien found that the salt is 
mstantly decomposed by mtnc acid , while the salt dissolves m soln of organic 
acids, the solubility and intensity of colour imparted to the soln increases as the 
acid becomes more energetic E Fremy said that while the salt is decomposed 
immediately by mineral acids, it forms a red soln when treated with acetic acid 
According to C A 0 Rosell, an alkali sulphate decomposes barium ferrate if it 
has not been dried, forming barium sulphate and hydrated feme oxide, and giving 
off oxygen A Naumann found banum ferrate to be insoluble m acetone 
W Eidmann and L Moser prepared strontium ferrate, SrFe0 4 , by the double 
decomposition of potassium ferrate with a sat , neutral soln of strontium bromide, 
and washing the precipitate with alcohol and ether Some admixed feme oxide is 
present L Losana obtamed the strontium salt by the process employed for the 
banum salt, and found that when dned over sulphunc acid it forms the dihydraie , 
SrFe0 4 2H 2 0 This salt forms a dark red amorphous powder , it begins to decom- 
pose at about 52°, for the weight of 2 grins after heating 3 hrs at 25°, was as follows 
(the time of heating, m hours, is indicated m brackets) 

25 35 ° 52 ° 68 85 150 

Weight 2 0000(5) 1 9978(6) 1 7000(11) 1 5062(16) 1 5062(10) 15066 (3) grins 

The anhydride can be prepared by gently heating the hydrate W Eidmann and 
L Moser observed that strontium ferrate is sparingly soluble in water, and that 
the soln is readily decomposed with the evolution of oxygen, forming strontium 
hydroxide and hydrated feme oxide It is insoluble m alcohol, and ether 
W Eidmann and L Moser prepared calcium ferrate, CaFe0 4 2H 2 0, by double 
decomposition of a calcium salt with strontium ferrate , 0 L Bloxam, by boiling 
a mixture of feme chloride and bleaching powder , and E Fremy, and L Losana, 
by the action of a calcium salt soln on potassium feirate A gram of the salt heated 
5 hrs at 20° lost 0 1110 grm m 18 hrs at 44° E Fremy said that the salt is not 
soluble m water, but C A 0 Rosell, and L Losana found it to be soluble The 
anhydride was not obtained, since the dihydrate decomposes in vacuo o^ er sulphunc 
acid Observations were made by C L Bloxam, and T L BailleyandP H Jones 
W Eidmann and L Moser prepared magnesium ferrate, MgFe0 4 , by double 
decomposition of strontium ferrate and a magnesium salt , but L Losana did not 
succeed m obtaining it by the action of magnesium nitrate on barium feriatc oi 
b) the action of magnesium nitrate on potassium ferrate L Losana obtained zinc 
ferrate, ZnFe0 4 , by the action of a soln of zinc nitrate on barium ferrate Tht lose 
coloured powder forms a rose red soln with water , and when dried for 3 hrs at 
20°, the salt loses 0 30 per cent m 4 hrs at 30°, and 11 32 per cent mil hrs at 30° 
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L Losana obtained mercurous ferrate, Hg 2 Fe0 4 , hy the action of a soln of meicmous 
nitrate on banum ferrate The salt decomposes during the drying No definite 
mercuric ferrate, HgFe0 4 was obtained by the action of a soln of meicnric nitrate 
on barium ferrate , but with aluminium nitrate and barium ferrate, aluminium 
ferrate, Alo(Fe0 4 ) 3 , was obtained as a rose red powder, which decomposed on drying 
L Losana did not obtain a definite thallium ferrate, Tl 2 Fe0 4 , by the action of a 
soln of thallous nitrate on banum ferrate , thorium ferrate, Th(Fe0 4 ) 2 , was 
obtained by the action of thonum nitrate on banum ferrate, but the salt decomposed 
on drying L Losana prepared lead ferrate, PbFe0 4 , by the action of a soln of 
lead nitrate on banum ferrate The rose coloured powder lo«t 0 22 per cent when 
heated 3 hrs at 30°, and 3 58 per cent in 5 hrs at 40° In the attempt to prepare 
chromium ferrate, Cr 2 (Fe0 4 ) 3 , by the action of chromic nitrate on barium ferrate, 
a voluminous yellow precipitate was obtained containing barium chromate and 
ferric oxide It is probable that the reaction proceeds 6BaFe0 4 +4Cr(N0 3 ) 3 
~ 6Ba(N0 3 ) 2 -f 2Cr 2 (Fe0 4 ) 3 , followed by 2Cr 2 (Fe0 4 ) 3 +4H 2 0=4H2Cr0 4 +6Fe0 2 , 
and 6Fe0 2 =3Fe 2 0 3 +30 , while the chromic acid reacts with two thirds of the 
banum nitrate 4H 2 Cr0 4 +4Ba(N0 3 ) 2 =4BaCr0 4 +8HN0 3 , and part of the 
ferric oxide reacts with the nitric acid Fe 2 0 3 + 6HN 0 3 = 2Fe( N 0 3 ) 3 +3H 2 0 No 
definite manganese ferrate, MnFe0 4 , was obtained by the action of manganese 
nitrate on banum ferrate , and ferrous ferrate, Fe(Fe0 4 ), obtained by the action 
of ferrous nitrate on banum ferrate decomposes on drying , and similarly also with 
ferric ferrate, Fe 2 (Fe0 4 ) 3 , obtained by the action of a soln of ferric nitrate on 
barium ferrate L Losana prepared rose-violet cobalt ferrate,* CoFe0 4 , by the 
action of a soln of cobalt nitrate on banum ferrate The powder dned for 5 his 
at 20° lost 2 18 per cent when dned 5 hrs at 25°, and 11 1 per cent m 18 hrs at 
the same temp Similarly with nickel ferrate, NiFe0 4 , which gives a greyish green 
powder The powder dned for 5 hrs at 20° lost 1 88 per cent when heated 3 hrs 
at 30°, and 7 46 per cent m 18 hrs at the same temp 

O Baudisch and P Mayer 2 assumed that perfemc acid, Fe0 3 (0H) 2 , or H 2 Fe0 4 , 
is produced when freshly precipitated ferrous hydroxide is oxidized by oxygen 
D K Goralevieh said that iron tetroxide, or perfemc anhydride, Fe0 4 , or 
perfemc acid, H 2 Fe0 5 , is probably farmed as a volatile, unstable compound when 
banum perferrate, BaFeOg, is treated with an excess of dal sulphuric acid, at a low 
temp Perfemc anhydride is insoluble m water, but soluble m dil acids He 
prepared bnght green potassium perferrate, K 2 Fe0 6 flH 2 0, by fusing feme oxide 
with potassium hydroxide and an excess of potassium nitrate, or, better, chlorate 
The salt can be purified by sublimation , it decomposes very slowly when kept m 
air , explosively, when waimed, on treatment with cone sulphuric acid, or on impact 
if mixed with sulphur, phosphorus, or charcoal It is quite stable m alkaline soln , 
but acids ieadily decompose it, with ev olution of oxygen and, m the case of hydro- 
chlonc acid, chlorine Oxidizing agents hke chlonne and hydrogen peroxide give a 
deep red soln of potassium ferrate, with evolution of oxygen Neutral soln of the 
perferrate give no reaction for feme ions until, on the addition of acid, decom 
position has commenced Similarly with sodium perferrate, the alkaline earth 
perferrates were obtained as white precipitates on adding a soln of a salt of an 
alkaline eaith to a soln of potassium perferrate , with barium salt, banum per- 
ferrate, BaFe0 6 7H 2 0, is produced, and with a strontium salt, strontium per- 
ferrate, SrFeOg 7H 2 0 These salts are white and insoluble m water, alcohol, and 
ether 
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Blue brittleness 32, 599 

gold 541 

heat, 32 

Blutstem 774 
Bog ore 886 
Bohnerz 886 
Bole 887 

Bone acid 613 615 
Boron iron alloys 548 
Brauneisenstem, 877 885, 886 

ochnger 885 

Brittleness 61 
Bromine 615 
Burnt pig, 558 
Bush sickness, 376 


C 

Cadmium femte, 918 

iron alloys 545 

Caesium ferrate, 934 

femte, 906 

Calcium aluminatofemte, 920 

chloride, 615 

diehlorometafemte 913 

ferrate, 935 

— femte, 910 

(di) hexafemte 911 

(penta) hexafemte 911 

iron alloys 541 

magnesium aluminatofemte 921 

metafemte, 911 

orthofemte, 911 

oxymetafemte 911 

tetrafemte 911 

Caput mortuum, 781 
Carbide tungsten steels 634 
Carbolic acid 613, 615 
Carbon disulphide, 613 

iron allots (see iron) 

tetrachloride, 615 

Cassel brown 887 
Cast iron, non magnetic 257 
Cerium iron alloys 557 
Chileite, 877 
Chinese rod, 782 
Chlorine, 615 
Chlorosulphomc acid, 615 
Chromic femte 922 
Chromitite, 923 

Chiomiura aluminium molybdenum 
alloys, 626 
steels 616 


iron 
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Chromium copper steels, 616 

ferrate, 936 

iron alloys, 586 

carbide, 591 

tungsten carbide, 629 

manganese steels, 667 

molybdenum carbide, 620 

iron alloys, 626 

silicon steels 616 

tetntacaxbide, 592 

titanium steels, 616 

tungsten steels, 642 

vanadium iron alloys, 643 

steels, 642 

vanadium molybdenum iron alloys, 

626 

steels, 617 

zirconium steels, 616 

Ohromoferrite, 591 
Cider, 615 
Citric acid, 613, 615 
Clay ironstone, 775 
Cobalt ferrate, 936 
Cobaltic femte 925 
' Cobaltous fernte, 924 
Coercive force, 246 
Coercivity, 246 
Coffee, 615 
Colchotar, 782 
Colcothar 781, 782, 783 
Coldshare iron, 61 
Coldshore iron, 61 
Coleshire iron, 61 
Cologne earth, 887 
Colsar, 61 
Colshire iron, 61 
Columbium iron alloys, 586 
Copal 615 

varnish, 615 

Copper aluminium iron alloys, 557 

carbonate, 615 

chlonde, 609, 615 

chromium steels, 616 

ferrate, 934 

iron alloys, 527 

manganese alloys 666 

silicon alloys, 570 

zinc alloy, 545 

lead iron alloys, 579 

molybdenum iron alloys, 626 

silver iron alloys, 540 

sulphate, 615 

tin lead iron alloys, 579 

Corrosion, acid theory, 408 

colloid theory, 435 

effect of compressive strains on, 466 

of unpact strains on, 466 

of tensile strains on, 465 

of torsion strains on, 465 

electrothermal theory, 412 

factors affecting, 426 

fatigue of iron, 467 

hydrogen dioxide theory, 433 

mtercrystaUme, 423 

lomo hypothesis, 405 

steel (see iron) 

water line, 449 * 

Corrosiron, 559 
Crocus martis, 781 
apentivus, 890 


Cupric femte, 906 
Cuprous fernte, 906 
Curie’s constant, 267 
law, 267 


1 ) 

Delafossite, 908 
Diamagnetism, 244 
Diferrous tnfemc oxide, 807 
Differential aeration of metals, 421 
Dimagnetite, 743 
Dunron, 559 


E 

Ehrenwerthito, 877 
Fisenglanz, 775 
Eisenglimmer, 775, 877 
Eisenmohr, 762 
Eisenmulm 923 
Eisenniere, 775 
Eisenpecherz 886 
Eisenrahm, 775 
Eisenschiefer, 775 
Eisenstom magnetischor, 731 
Elastic limit, 533 
Eliamte 559 
Esmeraldite, 895 
Ether, 615 
Ethyl chlonde, 615 


F 

Ferrates, 702, 929, 930 
Fern liquor, 831 

hydrate, 831 

oxychlorate, 831 

Feme acid, 929, 930 

alummate, 919 

anhydnde, 930 

chlonde, 615 

chlonne, 609 

ferrate, 936 

hydroxide, 859, 893 

metahydroxide, 880 

metaoxide, 863, 864 

orthohydroxide, 880 

orthoxide, 863 

oxide, 702, 774, 775 

a 863 

p , 863 

aerosol, 781 

alcoholsols, 837 

allotropic forms, 863 

oolloidal solution, 831 

chhydrated, 892 

ferromagnetic, 780 

films, 781 

Graham’s solution, 831 

Gnmaux’ solution, 832 

hemitnhydrated, 887 

hydrated, 831, 859 

allotropic forms, 863 

hydrosol, 831 
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Feme oxide, hydiogel, 831 839, 86- 

hydrosol, negative 836 

— — positive, 836 

jellies 862 

monohydrated, 878 

colloidal, 887 

preparation, 776 

properties chemical, 805 

physical, 782 

St Gilles solution 831 

tetrahydrated, 895 

tnhydrated, 893 

tntapentahydrate 890 

oxyhydroxide 878 

paraoxide, 864 

Femtes, 702, 905 
Ferrochromium, 586 
Ferromagnetism, 244 
Ferromolybdenum, 617 
Ferropicotite 732 
Ferrosic oxide 702 731 732 

hydrated, 761 

Ferrosihcon 558 
Ferrotitamum, 571 
Ferrotungsten 626 
Ferrous ferrate, 936 

ferrite, 732, 923 

hydroxide 718 

hydrosol, 720 

lead ferrite 924 

ortbofemte, 782 

oxide, 702 

hydrated, 718 

peroxyhydroxide, 725 

suboxide, 702 

tnfemc oxide 807 

Ferro vanadium, 579 
Ferrum liquidum, 831 
Fixing solution 615 
Filches d’amour, 877 
Flux density of magnetism, 245 
Food pastes, 615 
Formaldehyde 615 
Formic acid, 613, 615 
Franklmite, 917 
Fruit juices, 613 
Fullomte, 877 


G 

Gallium iron alloys, 557 
Gamsonite, 629 
Gelbeisenstem, 886 
Germanium iron alloys, 576 
Glanzeisenstem, 886 
Glask&pfe, 774, 775 
Glaskopf 877, 885 
Glared pig, 558 
Goethite, 877 

a , 880 

y , 880 

colloidal, 887 

Gold iron alloys, 540 
Graphititis, 445 
Graphitization, 445 
Greases, 613 
Gres de Thiviors 783 
Grey gold, 541 


H 

Haematite, 774, 874 

brown, 886 

columnar, 775 

compact 775 

fibrous, 775, 785 

hemisphoeneus, 885 

micaceous 775 

red 774 775 

specular 774, 775 

Haematophamte, 922 
Hardness, 14 

abrasive 26 

Heat resisting alloys 457 
Hematite, 775 
Hercymte, 919 
High speed steels, 634 
Horse radish cream, 615 
Hydrochloric acid 609, 615 
Hydrofluoric acid, 615 
Hydrogen, 606 
Hydrogoethite, 884 
Hydrohaematite 874 
Hydroquinone, 615 
Hyposidente, 886 
Hysteresis, magnetic, 247 


I 

Igelstromite 895 916 
Indian red, 782, 887 

steel 550 

Induction, magnetic, 245 
Inks, 615 
Iodine, 615 
Iozite, 702 

Iron absorption spectrum, 177 

accumulator, 225 

acoustic properties, 34 

action aerated water, 409 

damp air, 407 

mixed salt solutions, 448 

salt solutions 438 

sea water, 445 

water on, 404 

active, 777 

affinity 495 

air, action of 309 

alkali hydroxides, action 363 

nitrates action, 346 

alloys 526 

aluminium alloy, 549 

chromium molybdenum 

626 

copper alloys, 557 

magnesium alloys 557 

silicon alloys 570 

zinc alloys, 557 

amalgams, 545 

amines, action, 342 

ammonia, action, 340 

ammonium azide, action, 342 

persulphate, action, 335 

salts, action, 341 , 342 

anomalous dispersion, 171 

antimony, action of, 353 

compounds, action 353 

arc discharge 236 


alloys, 
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Iron, arc spectrum, 175 

argon, action of, 297 

arsemc, action, 351 

compounds, action, 352, 353 

atomic disruption, 496 

number, 496 

radius, 14 

refraction, 171 

weight, 494 

bacteria, 887 

barium alloy, 541 

Barkhausen effect, 261 

bending angles, 71 

test, 70 

beryllium alloy, 542 

birefringence, 171 

bismuth, action, 353 

salts, action, 353 

black, 7 

bleaching powder action, 321 

boiling pomfy 157 

boron, action 364 

alloys, 548 

trichloride, action 364 

bromine, action of, 314 

cadmium alloys, 545 

calcium alloys, 541 

cancer, 445 

carbides, action, 353 

carbon action, 353 

alloys (see iron, chem prop ) 

dioxide, action, 356 

monoxide, action, 354 

casting shrinkage, 139 

cathode rays and, 180 

ceride, 557 

cerium alloys, 557 

chemical properties, 297 

chloric acid, action, 321 

chlorine, action of, 314 

trifluoride, action of, 314 

chromium alloys, 586 

carbide, 591 

molybdenum alloys, 626 

tungsten carbide, 629 

vanadium alloys, 643 

coercive force, 259 

colour, 169 

oolumbium alloys, 586 

compressibility, 98 

Compressive strains, effect on corro 

sion, 466 

cooling shrinkage 139 

co ordination number, 495 

- - copper alloys, 527 

— lead alloys, 579 

molybdenum allots, 626 

sikcop alloys* 570 

tin. load alloys, 579 

zinc alloy, 545 

Corbmo effect, 235 

corrodibility of different kinds of, 458 

-corrosion, 403 

■ — by bacteria, 429 

~ cement, 449 

coal gas, 430 

conciete, 449 

- fatigue, 467 

1 in air, 451 

soils 430 


Iron, creep, 68, 93 

critical potentials, 181 

Curie point, 267 > 

decitaceudo, 558 

decomposition voltage, 225 

dialummide, 550 

dialyzed, 831 

diberyllido, 542 

dichroism, 171 

dichromide, 587 

dielectric constant, 236 

diffusion, 28 

dihydride 109 

dimolybdido, 619 

dioxide, 702, 925 

distannido, 576 

— — ditungstido, 629 

dodccazmcido, 544 

ductility , 67 

effect carbon content on corrosion, 461 

vibrations, 84 

elastic aft oi olloct 68 

hysteresis, 68 

modulus, 35 

recovoiy, 68 

strain, 68 

elasticity in shear, 76 

electrical conductivity, 189 

propex ties, 189 

resistance, 135, 190 

electroafhmty, 221 

electrochemical series, 212 

electrode potential, 205 

electrolytic valve action, 224 

electromotive force, 213 

electronic structure, 496 

electrons and, 180 

olectrostonolysis, 228 

— emissmtv, 172 

— - endurance limit, 87 
enhanced lines, 176 

— enneadeoazmcide 544 

enmtastannido, 576 

entropy, 162 

Ettmgshausen effect, 235 

Nornst effect, 235 

evaporation, late of, 157 

extinction coefficient, 171 

— * - Faraday effect, 173 
fatigue, 67, 88 

— - fireclay, action, 364 

— flame spectrum, 173 
flexibility, 71 

fluorine action of, 314 

— fluosulphomc acid, action, 327 
free energy, 1 62 

fri< tion, 13 

— intomai, 28 

molocular, 28 

— frictional electricity, 189 

- gallium alloys, 557 

— germanium alloys, 576 

glass, action, 364 

gold alloys, 540 

growth of oast, 142 

— Hall effect, 234 

— hardness, 14 

— abrasive, 26 

heat ionization, 205 

of fusion, 157 
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Iron, heat of vapoi ization 1 is 

helium, action of, 297 

hemicende, 557 

hennchromide 587 

hemimolybdide t> 1 9 

hemioxide 702 

— hemipentalumimde 5i] 

— liemipentasihcide, 56 1 

— hemipentovide, 926 
hemistanmde, 576 

hemitristannide 57t> 

- - hemitungstide, 627 

- — heptazmeide, 544 

- — hexahydnde, 309 

- — hexastamude, 576 
hexitacende, 558 

— hydrazine, action, 342 

- hydrazoie add, action 342 

— hydride 309 

— hydnodic acid, action of, 314 

hydrobromic acid, action of 314 

hydrocarbons action, 354 

hydrochloric acid, action of, 314 

— — hydrofluoric acid, action of, 314 

hydrogen action of 297 

chloride, action of, 314 

dioxide, action of 313 

fluoride, action of 314 

overvoltage 223 

selemde, action 336 

sulphide action, 236 

telluride action, 336 

hydroxides of metals action, 365 366, 

367 

hypoehlorous acid, action 321 

hysteresis loss, 259 

(magnetic) 259 

lmides, action, 342 

impact strains, effect on corrosion, 466 

test, 78 

index of refraction, 170 

mtermetalhc compounds 526 

internal friction 28 

pressure, 27 

iodic acid, action, 321 

iodine, action of, 314 

ionization energy, 205 

isotopes, 496 

Joule effect 278 

Kerr effect, 173 

lag, 68 

lanthanum alloj , 557 

lead alloys, 579 

Leduc effect, 236 

limit of proportion, 68 

of restitution, 68 

lithium nitnde, action, 342 

luminescence spectrum, 176 

magnesium alloy, 543 

zl nc alloys 545 

magnetic hardness, 259 

properties, 135, 244 

viscosity, 259 

magnetostriction, 278 

manganese alloy, 644 

aluminium alloys 667 

carbide, 648 

copper alloys, 666 

molybdenum alloys 668 

tungsten alloys 668 


Iron manganese uranium allots, 668 

vanadium alloys, 668 

Matteueci effect, 278 

mechanical properties, 1, 34 

melting point, 155 

mercurj alloys, 545 

tin alloys, 579 

— — metal salts, action, 367, 368, 369, 370, 
371 

metals, action 364 

- — methane action, 353 

modulus of transverse elasticity, 76 

molecular friction, 28 

molybdenum alloy, 617 

— carbide 619 

tiitaearbide, 620 

tungsten alloys 643 

— vanadium alloys, 626 

molybdide 618 

monosilicide, 561 

monoxide, 702 

neutrons and, 180 

mtnc acid, action 342 

oxide, action 342 

nitrogen, action, 336 

peroxide, action, 342 

mtrosyl chloride, action, 342 

- — nitrous oxide, action, 342 

normal potentials Fe~>Fe 207 

Fe ->Fe , 208 

Fe->Fe 210 

optical properties, 169 

organic compounds, action, 358, 359, 

360 361, 362, 363 

overstrain, 68 

oxide, black, 736 

magnetic 731 

of metals action, 364, 367 

oxygen, action of, 309 

overvoltage, 224 

ozone, action of, 312 

passive, 499 

passivity, 498 

Peltier effect 233 

pentastanmde, 576 

pentitadicende, 557 

pentitahexastannide, 576 

pentitazmcide, 544 

perchloric acid, action, 321 

periodic dissolution, 515 

permanent set, 68 

permeability (magnetic), 263 

to gas, 4 

peroxide, 925 

phosphoric acid, action, 350 

phosphorus action, 347 

compounds, action, 350 

silicon alloys, 571 

photoelectric effect, 181 

photophoresis, 182 

photovoltaic effect, 205 

physiological action, 375 

plastic flow, 32 

strain, 68 

plasticity, 32 

Poisson’s ratio, 74 

polarization, 226 

pole effect 176 

porosity, 4 

positive ions and, 180 
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Iron, potassamide, action, 342 

potassium alloys, 526 

chlorate, action, 321 

perchlorate, action, 321 

peroxide, action of, 313 

persulphate, action, 335 

radioactivity, 181 

radiodetector, 233 

a rays and, 180 

p rays and, 180 

y rays and 180 

X rays, 179 

-i spectra, 178 

reactions of analytical interest, 371 

recovery, 68 

reflecting power, 171 

refraction equivalents, 171 

reluctivity, 259 

residual rays, 176 

rigidity, 74 

rust, 890 

rusting, effect acidity, 436 

aeration, 421 

H ion cone , 436 

oxygen, 427 

scale, 734 

selemc acid, action, 335 

selenium, action, 335 

monobromide, action, 336 

monochlonde, action, 336 

oxybromide, action, 336 

sensitiveness of spectrum, 176 

senes spectra, 177 

sesquioxide, 775 

shearing stress, 72 

shock test, 78 

silicates of metals, action, 364 

sihcide, 561 

silicon, action, 364 

alloys 558 

tetrachloride, action, 364 

silver alloys, 359, 539 

copper alloys, 540 

nitrate, action, 346 

sinter, 889 

sodamide, action, 342 

sodium alloys, 526 

azide, action, 342 

dioxide, action of, 313 

hypochlonte action, 321 

persulphate, action, 335 

silicate, action, 364 

sulphide, action, 326 

thiosulphate, action, 335 

xanthate, action, 326 

solar spectrum, 176 

solution pressure, 221 

spark spectrum, 174 

specific oohesion, 27 

gravity, 1 

heat, 150 

volume, 11 

spectrum — arc, 175 

flame, 173 

luminescence, 176 

sensitiveness of, 176 

solar, 176 

spark, 174 

ultra red, 176 

ultra violet, 176 


Iron, stannic chloride, action, 364 

stanmde, 576 

Stark effect, 176 

starvation, 376 

stellar spectra, 177 

strontium alloys, 541 

sulphur, action, 321 

dioxide, action 327 

monochlonde, action, 327 

sulphuric acid, action of, 328 

sulphurous acid, action, 327 

sulphuryl chlondo, action, 328 

fluonde, action, 327 

surface tension, 27 

tantalum alloy 585 

tarnishing m air, 451 

teUunum, action 335 

tensile strains, effect on coirosion, 465 

strength, 35 

tetntalumimde, 550 

tetntapentastanmde, 576 

tetritastannide, 576 

tetntoxide, 702 

tetroxide, 702, 936 

thallium alloys, 557 

thermal changes during transforma 

tions, 159 

limit, 68 

properties, 130 

thermoolectnc force, 229 

thionyl chlonde, action, 328 

Thomson effect, 173, 234 

tm alloys, 576 

bismuth allots, 570 

titanium alloys, 571 

— fluoride, action, 364 

nitride, action, 340 

tetrachloride, action, 364 

vanadium alloys, 585 

torsion modulus, 74 

torsional strain, effect on corrosion, 

465 

stress, 72 

transformation, heat of, 159 

points, 158 

thermal changes during, 159 

transport number, 205 

transverse strength, 71 

tnalummide, 550 

tnboelectric effect, 205 

tnboelectncity, 189 

trioxide, 702, 929, 930 

tritadecazmcide, 544 

tntadialumimde, 550 

tritadimolybdide, 618, 619 

tntadisihcide, 560 

tntaditungstide, 628 

tntadizircomde, 574 

tntasihcide, 560 

tntastanmde, 576 

tntatetrastanrude, 5 70 

tritatetroxide, 732 

tntatungstide, 628 

tntazmcide, 544 

tntoxide, 702 

tnzinoide, 544 

tungsten alloy, 626 

carbide, 629 

silicon alloys, 642 

trita carbide, 629 
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Iron tungsten vanadium alloys, 626 

ultimate rays, 176 

ultra red spectrum, 176 

ultra violet spectrum, 176 

uranium alloys, 643 

valency, 494 

vanadium alloys, 579 

chromium molybdenum alloys, 

626 

vanadyl trichloride, action, 353 

vapour pressure, 157 

velocity sound m, 34 

vibration frequency, 181 

Villan reversal, 275 

viscosity, 28 

volatilization, 157 

Volta effect, 205 

water, action of (see corrosion of iron), 

312 

Wiedemann’s effect 278 

Zeeman effect, 176 

zmc alloys, 543 

mercury system, 548 

zirconium alloy, 574 

Ironac 559 
Ironstone, brown 886 

clay 886 

clay, 775 

jaspery, 775 

oolitic, 886 

Itabinte, 775 
Itabiryte, 775 


J 

Jacobsite, 923 
Japanese red, 782 
Jaspery clay ironstone, 775 
Jaspohamatite, 775 


K 

Kahphite, 886 
Kidney ore, 775 


L 

Lactic acid, 615 
Lanthanum iron alloy, 557 
Lead chlorofemte, 922 

copper iron ailoys, 579 

tin iron alloys, 579 

ferrate 936 

ferrite, 921 

ferrous femte 924 

iron alloys 579 

Lemon, 615 

Lepidocrocite, 877, 884, 886 
Lepidokrokite, 877 
Lime, 615 

juice, 615 

Limestone, 615 
Limzute, 886, 893 
Limomte, 886 

boxwork, 887 

Lithium ferrate, 934 

femte, 906 

perfemte, 926 


L’oxyde de fer noir, 736 
Lubricating oils, 613, 615 
Lysol, 615 

M 

Maghemite, 780 

Magnefemte, 914 

Magnesiofemte 914 

Magnesium aluminium iron alloys, 557 

calcium aluminato femte, 921 

chloride, 615 

ferrate, 935 

femte, 914 

iron alloy, 543 

pentoxyfemte, 916 

sulphate, 615 

zmc iron alloy, 545 

Magnetic moment, 245 
Magnetism, 244 

permanent 246 

residual, 246 

Magnetite 731 
Magnetization, intensity, 245 

specific 245 

saturation value 246 

Magneto plumbite, 922 
Magnofemte, 914 
Manganese chromium steels, 667 

ferrate, 936 

iron alloy, 644 

aluminium alloys, 667 

carbide, 648 

copper alloys, 666 

molybdenum iron alloys, 668 

silicon steels, 667 

titanium steel, 667 

tungsten iron alloys, 668 

uranium iron alloys, 668 

* anadium iron alloys, 668 

Manganic femte, 923 
Manganofemte, 651 
Manganous femte, 923 
Mars brown, 782 

red, 782 

violet, 782 

yellow, 782 

Marsh ore, 886 
Martites, 702, 788 
Meadow ore 886 
Mercuric chloride, 609 

ferrate, 936 

Mercurous ferrate, 936 
Mercury iron alloys, 545 

tm iron alloys, 579 

zmc iron system, 548 

Metafemc acid, 905 

oxide, 831 

Metafemtes, 905 
Metals, porosity, 423 
Metamagnetic alloys, 245 
M6tillure, 559 
Metolhydroqumone, 616 
Milk, 615 
Mine waters, 611 
Mmera fem attractona, 731 

lacuotns, 885 

palustns, 885 

subaquosa, 885 

nigricans magneti arnica, 711 
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Model erz, 88b 
Moist salt, 616 
Molybdenofemte, 620 
Molybdenum aluminium chromium 
alloys, 626 

chromium carbide, 620 

iron alloys, 626 

copper iron alloys, 626 

iTon alloy, 617 

carbide, 619 

tutacarbide, 620 

vanadium alloys, 620 

- - manganese iron alloys, 668 

— tungsten iron alloys, 643 

vanadium chromium iron allots, 

Morasterz, 886 
Musket steel, 634 


N 

Nadeleisenerz, 877 
Naples, red, 782 
Neidle ironstone, 877 
Nickel ferrate, 936 
Nickelous femte, 925 
Nitric acid, 612, 615 

oxide, 612 

sulphuric acid, 615 

Nitrogen, 611 
Nitrous acid, 615 
Non corrosive steels, 606 


O 

Ochra nativa, 885 
Ochre brown, 886 

burnt, 782 

red 874 

Ochres, 885, 887 
Oleic acid, 615 
Ohgiste, 776 
Onegite, 877 
Oolitic ore, 775 
Oranges, 615 
Orthofernc acid, 905 
Orthoferrites, 905 
Oxalic acid, 613, 615 
Oxofemte, 704 
Oxyaustemtes, 702, 704 
Oxyfemtes, 702, 704 


P 

Paraffin 613, 615 
Paramagnetism, 244 
Paregoric compound, 615 
Passivity of iron, 498 
Pecheisenstem, 886 
Perferrates, 702 
Perfemc acid, 936 

anhydride, 936 

Perfemtes, 702, 905, 925 
Permeability, magnetic, 245 
Petrol, 613, 615 
Pfemngerz, 886 
Phosphoric acid, 613, 615 


INDEX 

Phosphorus lion silicon alloys, 571 
, Pickles, 61 5 
| Picric acid, 61 5 
iron I Pierre d’airaanfc, 734 
| Pittizite, 886 
1 Plumbofenite, 932 
i Poly ferrites, 905 
I Porosity, metals, 423 
| Potash alum, 609 
i Potassum, difernde, 527 

ferrate, 930 

fcinte 908 

I nitrate, 015 

' perferrato, 936 

626 tnfomde, 527 

Pi zibramito, 877 
Pyriaurito, 895 
Pyroaunte, 916 
Pyrogallol, 615, 616 
Pyrrhosiderite, 877 


Quellerz, 886 


R 

Raddle, 887 
Rapid steels, 611 
Rasonoisonstom, 885 
Red chalk, 775 
Reddle, 775 

Reluctivity, magnetic, 245 
Romanonco, magnetic, 246 
Retentivity, magnetic, 246 
River wator, 608 
Rouge, carmine, 782 

de chair, 782 

laquox, 782 

sanguine, 782 

violatre, 782 

Rubidium ferrate, 934 

ferrito, 906 

Rubmglimmer, 877 
Rubmrothor/ eisonghmmer, 877 
Ruby mica, 886 
Ruddle, 775 
Runmng wator, 616 
Rust, 431 

by prodiwts, 433 

nature of, 431 

Rusting, action colloids, 451 
Rustless steels, 606 


S 

Salts, 608 

Sammot blende, 877, 886 
Sauces, 616 
Scfeistos, 885 
Sea water, 608, 616 
Sebacio acid, 616 
Self hardening steels, 634 
Shortness, 61 
blue, 61 



INDEX 


947 


Shortness cold 61 

hot, 61 

red, 61 

Siegelstem, 731 
Sienna 887 
burnt, 782 

Silicon aluminium iron alloys, >70 

— chromium steels 61 6 
— iron alloys, 568 

copper alloy, 570 

- phosphot us alloys >71 

— — manganese steels 667 

titanium stc el 667 

— tungsten iron dlo\s 642 
Silumin, 570 

Silver ferrate, 934 
- femte, 910 
hemifemte 909 
hydroferrite 910 

— - iron alloys 539 

copper alloys 540 

Skemmatite, 816 923 
Smithy scale, 934 

Smoke 613 
Sodium chlonde, 616 

citrate, 616 

ferrate 934 

ferrite 906 

hydroxide 616 

— perferrate 936 

sulphide 616 

thiosulphate, 616 

Specular iron, 775 

schist, 775 

Specularite, 775 

flaky, 785 

Stamente, 877 
Stainless steels 606, 613 
Stannic femte, 921 
Steel, corrosion 403 
Sterro metal, 545 
Stilpnosidente 886 
Stilposidente, 877 
Strontium ferrate, 935 
femte, 913 

iron alloy 541 

perferrate, 936 

perfemte 926 

Sulphur chlorides 610 
Sulphuric acid, 610, 616 

nitric acid, 615 

Sulphurous acid 6 1 0 
Sumpferz, 886 
Sunstone, 877 

glazes 780 

Susceptibility magnetic 246 


r 


Thallium non allots 557 
Therraisihd 559 
Thixotropy 852 
Thorium feirate 936 
Tin copper lead iron alloys 579 

— iron alloys 576 

— — - bismuth alloy s 579 

meicurviion illovs 579 

1 ltamurn chiomium stec Is 616 
femte 924 

— iron alloys, 57 J 

- manganese silic on stec 1 <>67 
vanadium iron alloy s 585 
J oneisenstcm 775 
Fie von to, 925 

Tnfc itous pentaiemc oxide, 807 
tetrateme oxide, 807 
rungstatofemtes 923 
T ungsten e arbide steels 6 34 

- — ( hroimmn steels, 642 

- - vanadium iron alloy s, 643 

— steels, 642 

iron alloy, 626 

carbide, 629 

chromium carbide 629 

tntacarbide 629 

manganese iron alloys 668 

molybdenum iron alloys 643 

silicon iron alloys 642 

vanadium iron alloys 626 

Tunte 874 

Turpte, 874 
Turkey red 782 


U 

Umber burnt, 782 
Unoxidizable cast non 545 
Uranium iron alloys 643 

manganese iron alloys, 668 

Urea, 613 


V 

Vanadium chromium molybdenum iron al 
loys, 626 
f — steels, 617 

tungsten lion alloys 643 

- - steels, 642 

non alloys, 579 

molybdenum alloys 626 
manganese non alloys 668 
titanium iron lllovs 585 
— tungsten iron alloys 626 
Velvet blende 877 
Venetian led 887 
Villan reversal 275 
Vinegar 613 616 


Tannic acid 613, 616 
lantalum iron alloy, 585 
ran tn on, 559 570 
Tap -water, 608 
Tartaric acid, 613, 616 
Terra di siena 887 
rose, 782 

Tetraferrous feme oxide, 807 
Thallium ferrate 936 


V 


Wahhte, 620 
White brass 54 > 
Wiesenerz 886 
Wootz 550 
W ork hardening 1 9 
Wustite, 702 704 



948 


INDEX 


X 

Xanthosiderite, 886, 892 
Z 

Zinc, 616 

aluminium iron alloys, 557 

chloride, 616 


Zinc feriate, 935 
femte, 917 

— iron alloys >43 

— copper alloy 545 

mercury system, 548 

magnesium iron alloys 545 

pentitahemcosizincido, 514 

Zirc omum chromium steels 616 
femte, 921 

iron alloy, 574 
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